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Preface

The Internet of Things (IoT) is a pervasive technology that connects everyday
objects with many applications in human life. [oT has been enabled by advances
in microelectronics, which have led to a remarkable reduction in both the size and
consumption of computational devices. The multitude of new IoT applications to
promote quality of life and health and provide entertainment is closely accompanied
by an ever-growing number of connected objects, where energy harvesting has
become a pivotal solution to power such devices. Energy harvesting is an indispens-
able tool for applications such as the continuous monitoring of a patient’s health and
the powering of implantable biomedical devices.

The demand for miniaturization and energy autonomy of connected devices
imposes a challenge in which the power consumption of the devices plays an
essential role. Energy autonomy is achieved through the harvesting of ambient
energy, which is available in different forms, including heat, illumination, and
radiofrequency signals. Transducers such as thermoelectric generators, photovoltaic
cells, and antennas are commonly employed to convert the ambient energy into
usable electric signals. However, due to the low levels of ambient power, typically in
the range of microwatts to milliwatts, the output voltage provided by these trans-
ducers varies between tens to hundreds of millivolts, and voltage boosting is needed
to power connected devices.

The voltage converters employed to perform step-up conversion in an energy
harvesting interface need to cope with low input voltages provided by the trans-
ducers, leading to challenging design trade-offs to deal with both efficient conver-
sion and startup from ultra-low voltages. Therefore, to enable the further
development of energy harvesting converters and related IoT applications, the low
voltage capabilities of a low-cost technology such as CMOS should be fully
exploited. In this regard, models suitable for CMOS circuits operating with ultra-
low voltages are indispensable.

In the past decade, low-voltage energy harvesting has been the main research
theme of several groups worldwide. However, design techniques directed toward
extremely low voltages are still lacking. This book intends to fill this gap, providing

vii



viii Preface

IC designers with techniques appropriate for realizing the main building blocks of
energy harvesters, such as oscillators, rectifiers, and inductor-based converters.
Herein, we address the design of energy harvesters operating from ultra-low volt-
ages, enabling autonomous operation of connected devices driven by human or
ambient energy.

This book is organized as follows. Chapter 1 presents the fundamental concepts
of ultra-low-voltage energy harvesting. A brief introduction to energy harvesting
approaches and the models for some standard transducers are provided. Next, an
overview of biomedical and IoT applications is presented, followed by a review of
state-of-the-art energy harvesting converters. At the end of the chapter, a physics-
based MOSFET model to help with the design of ultra-low-voltage converters is
provided.

Chapter 2 addresses the analysis, design, and realization of oscillators that operate
with reduced supply voltage. Special attention is given to LC oscillators, such as the
cross-coupled oscillator, the enhanced-swing cross-coupled oscillator, and the
enhanced-swing Colpitts oscillator. These oscillators can operate from supply volt-
ages well below 100 mV while providing oscillation amplitudes higher than the
supply rails. Design examples and experimental results are presented to validate the
theoretical analysis.

Chapter 3 describes the analysis of rectifier circuits valid for ultra-low-voltage
(ULV) operation. Expressions for the output voltage, power conversion efficiency,
and input resistance for the Dickson charge pump and the voltage multiplier are
given in terms of the diode parameters and the load current.

Design methodologies and experimental results for voltage converters employing
rectifier circuits, namely the Dickson charge pump and the voltage multiplier, are
presented in Chap. 4. Both DC-DC converters based on ultra-low-voltage oscillators
and rectifiers and RF-DC converters are explored. Several experiments with ultra-
low-voltage oscillators and rectifiers show their feasibility for energy harvesting.

The analysis and modeling of inductive boost converters for ultra-low-voltage
operation are detailed in Chap. 5. Design parameters for the maximization of the
power extraction and conversion efficiency are presented for the employment of the
boost converter in typical energy harvesting applications. After an analysis of the
converter losses, the boost switches are sized to maximize the power efficiency of the
converter.

Chapter 6 addresses the design, implementation, and measurements of a DC-DC
voltage converter for energy harvesting applications. The converter prototype starts
up from input voltages as low as 11 mV. After its initialization, the converter can
operate with input voltages in the range of 7.3—140 mV. The prototype presents end-
to-end efficiencies higher than 50% for input voltages above 10.5 mV and peak end-
to-end efficiency of 85% at 140 mV.

This book can be used as a reference for analog IC designers and to both under-
graduate and graduate students. It can act as supplementary material in undergrad-
vate and graduate analog electronics courses, requiring a background on basic
electronics and semiconductor devices.
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Chapter 1 ®)
Introduction to Ultra-Low-Voltage Energy <z
Harvesting

1.1 Introduction

During the past century, advances in electronics have allowed the development of
new consumer products, which have had a significant impact on the development of
modern society as we know it today. Communication mechanisms, forms of enter-
tainment, and the sharing of knowledge have been significantly modified with the
availability of broadcast systems, notably radio, television, and the Internet. The
introduction of several new types of biomedical equipment has enabled new
approaches to diagnosis and treatments, contributing to the fast development of
medicine. The industry has also evolved with the adoption of control systems and
robotics, which allow faster production and the development of more complex
products.

Similarly, more recent developments in electronics continue to alter diverse
aspects of human life, with new applications that lead to the ever-growing compu-
tational capacity of devices. In the Internet-of-Things (IoT) scenario, connected
devices, such as smart sensors, allow the acquisition of large amounts of data,
which can be processed using machine learning techniques to perform more com-
plex tasks [1].

The acquisition of data and intelligent decision-making capabilities have enabled
several new approaches in the development of smart cities, such as the deployment
of a smart grid, which can reduce energy consumption and allow distributed
generation, intelligent management of waste, pollution monitoring, management of
traffic congestion, smart parking, lighting control, etc. [2]. Homes and buildings can
also benefit from IoT devices, which can help with reducing energy consumption,
expanding entertainment options and quality-of-life applications, promoting intelli-
gent automation, etc. Furthermore, the human body has a strong potential for several
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IoT applications to promote better life quality and health, such as aids for sports
training, wearable health-monitoring devices, ambient assisted living, and real-time
streaming [3].

With several applications in everyday life, the number of connected devices has
been steadily increasing, and by 2010, it had already surpassed the human popula-
tion [4]. An essential requirement for the connected devices is an autonomous energy
supply for operation, which allows the device to be independent of any wiring needs
or batteries, decreasing both maintenance needs and chemical waste generation and
increasing device portability. In this context, energy harvesting has become a
necessary solution to allow connected devices to better fit the requirements of
uninterrupted autonomous operation [5], being a feasible solution for powering
sensor nodes [6] while meeting the requirements of performance and lifetime for
such devices.

Although the available power (P,y) harvested by compact transducers is gener-
ally low, of the order of mW or less, it enables several autonomous low-power
applications. From an application perspective, appropriate low-power design is
essential to maximize the use of such restricted power levels. Circuit techniques
such as Vpp scaling and power cycling are essential strategies to reduce power
consumption and are suitable for many applications that do not require a fast and
“always-on” response.

Along with the available power of common energy harvesters being low, the
voltage provided by them is also low, typically being of the order of hundreds or tens
of mV. Because, in general, this voltage is not sufficient to supply electronic circuits
of current technologies, a step-up (boost) voltage converter is required to power the
application circuit.

From the step-up converter design perspective, the ultra-low-power (ULP) and
ultra-low-voltage (ULV) levels of energy-harvesting transducers impose challenging
design constraints. To minimize the impact of such constraints, we have analyzed
and modeled different types of voltage converters using physics-based MOSFET
and diode models, which enable appropriate designs to be obtained for ULV
converters.

1.2 Common Methods for Low-Power Energy Harvesting

In the energy scavenging scenario, the ambient energy can be exploited as a source
to power electronic devices. Figure 1.1 shows a simplified energy-harvesting inter-
face, where a transducer is employed to convert the ambient energy to electricity,
enabling the powering of a load. Due to the ULV levels generated by the transducers,
a converter is commonly employed between the transducer and the load to provide
step-up voltage conversion and stabilization of the output voltage.

The most common sources for energy harvesting, the amount of ambient power,
and the power typically collected by the transducers are detailed in Table 1.1. As can
be seen, the harvested power is generally a very small fraction of the source power
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Voltage Vour

i Converter

I Load
Fig. 1.1 A simplified representation of an energy-harvesting interface
Table 1.1 Energy-harvesting approaches and associated power levels [7]
Source Source power Harvested power
Ambient light—indoor 0.1 mW/em? 10 pW/cm?
Ambient light—outdoor 100 mW/cm? 10 mW/cm?
Vibration/motion—human 0.5 mW/em? 4 pW/em?
Thermal energy—human 20 mW/cm? 30 pW/em?
Radiofrequency 0.3 pW/cm? 0.1 pW/cm?

due to the low efficiency of the transducer. In this section, we analyze the most
common methods for energy harvesting and provide information on the transducers
used in each approach. The equivalent electric circuit presented for each type of
transducer aids in the search for different techniques for maximum power point
tracking (MPPT).

1.2.1 Thermal Energy Harvesting

Thermal energy harvesting is a feasible approach to power on-body devices using
human thermal energy. A thermoelectric generator (TEG) is employed to convert a
temperature difference into electricity through a physical process known as the
Seebeck effect, which occurs in both semiconductor and conductor materials. The
basic structure of a TEG is a thermocouple (Fig. 1.2), which is comprised of two
different semiconductor materials, a p-type material with a positive Seebeck coeffi-
cient (Sp) and an n-type material with a negative Seebeck coefficient (Sy). To realize
a TEG, the thermocouples are joined by an electrically conductive material and
sandwiched between two electrically insulated and thermally conductive plates,
which form the cold and hot sides of the device [8].

Once a thermal gradient is applied between the hot and cold sides of the device,
diffusion of charge carriers from the hot side (higher thermal energy) to the cold side
(lower thermal energy) occurs, generating an electric field due to the gradient of
charge carriers. Once the circuit is closed, the flow of electrical current is established.

The open-circuit voltage generated by a thermocouple (V¢), which is propor-
tional to the temperature difference between plates, is given by
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Fig. 1.2 The basic structure of a thermocouple

Fig. 1.3 Common TEG
construction using

. . L ENRRERNTY
thermocouples in series #

Ve = SAT = (Sp — Sy)AT. (1.1)

Due to the low value of the Seebeck coefficient (S), TEGs are generally built with
a series of thermocouples to increase the voltage (Fig. 1.3).

Although higher voltages can be achieved with the series connection of thermo-
couples, the increase in the number of devices connected in series also causes the
electrical resistance of the TEG and the total TEG area to increase. Standard
commercial TEG devices of a few cm? (Tellurex, Kryotherm, Marlow, and TEGPro)
deliver around 30-60 mV/K under the open-load condition and have a resistance of
around 1 to 10 Q. More recent thin-film technologies achieve a higher Seebeck
coefficient for the same TEG area, although the electrical resistance is also increased
to the range of some hundreds of ohms.

The electrical model of a TEG is comprised of a voltage source in series with a
resistance, as shown in Fig. 1.4. To maximize the power that can be extracted from a
TEG, the input impedance of the converter should be matched to the internal
resistance of the TEG (Rg). Under this condition, the voltage obtained at the TEG
terminals is one-half of the TEG open-circuit voltage (V), as represented in Fig. 1.4.
Therefore, the power delivered to the converter (P;y) equals the available power,
which is given by
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1.2.1.1 Harvesting Thermal Energy from the Human Body

The voltage level of each thermocouple is a function of the temperature gradient
between the hot and cold sides of the device (1.1). When scavenging thermal energy
from the human body, this gradient is always lower than the difference between the
ambient temperature and the human body temperature. As represented in the thermal
circuit of Fig. 1.5 [9], the temperature gradient across the TEG is limited by the
thermal resistance between the human body and the TEG as well as between the
TEG and the air. The air resistance is dependent on the air flow, which is affected by
wind conditions, body movement, etc., while the resistance of the human body can
be reduced by choosing contact areas with lower thermal resistance, such as the
chest, head, and wrist [10]. As demonstrated in [11], the integration of TEGs with
clothes is also a feasible way to harvest energy from the human body.

1.2.2 Photovoltaic Energy Harvesting

Photovoltaic cells (Fig. 1.6) are p-n junctions that convert light radiation into
electricity. Being built from a well-developed technology, photovoltaic cells are
widely used as power supplies for many applications.

Typical values of harvested power densities of photovoltaic cells range from
10 mW/cm? outdoors to values of the order of 10 pW/cm? indoors [7]. Despite the
reduced harvested power under low illumination, its value is of interest for several
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Fig. 1.6 Basic photovoltaic e anti-reflective layer
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Fig. 1.7 The equivalent electrical circuit of a photovoltaic cell and the dependence of the converter
input power on its input voltage [14]

ULP applications, such as sensor networks and biomedical circuits. An example of
silicon-based small-area cells for a subcutaneous implant application presented in
[12] operates with an efficiency of around 17%. In [13], photovoltaic cells
implemented with different materials (GaAs, GalnP, and Si) were tested under
low-irradiance conditions. Both GaAs and GalnP cells outperformed the more
conventional Si-based photovoltaic cells. The highest measured conversion effi-
ciency was close to 27% for the GalnP-based photovoltaic cells.

The equivalent electrical model of a photovoltaic cell is shown in Fig. 1.7
[14]. The current /gy is dependent on the light radiation. The resistances Rg and
Rp model the ohmic losses and the internal leakage current, respectively, and the
diode represents the p-n junction. Due to the nonlinear voltage-current relationship,
an algorithm for MPPT is usually employed in the converter to maximize the
extracted power.

1.2.3 Vibrational Energy Harvesting

Vibrational energy either from the human body or from the environment can be
converted into electrical energy. Electrostatic, piezoelectric, and electromagnetic
transducers are the most common transducer types used to harvest vibrational
energy [7].

Piezoelectric transducers (Fig. 1.8) are available as several commercial products
for the specific purpose of energy harvesting. These transducers are based on the
piezoelectric effect, a property of some crystals and ceramics in which electrical
charges are accumulated in response to an applied mechanical strain due to the
change in the crystalline structure of the material.



1.2 Common Methods for Low-Power Energy Harvesting 7

Fig. 1.8 Basic structure of a force
piezoelectric transducer
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Fig. 1.9 The equivalent electric circuit of a piezoelectric transducer combined with a rectifier and
the condition for extraction of the available power [14]

An equivalent electrical model of a piezoelectric transducer is shown in Fig. 1.9
[14], where Ipy is the current generated when the piezoelectric material is submitted
to a mechanical strain, and Cp models the capacitance between the electrodes.
Assuming operation at the resonant frequency (@), which is an intrinsic character-
istic of the transducer, the piezoelectric transducer can be modeled by a voltage
source and a series resistance, as in Fig. 1.9. Due to the nature of the vibration
signals, the oscillatory output of the transducer is commonly connected to simple
rectifier circuits, as shown in Fig. 1.9 [14].

1.2.4 Radiofrequency Energy Harvesting

The power density of radiofrequency (RF) signals is typically lower than that of
other energy harvesters; however, it is still an attractive option, especially in densely
populated areas, where wireless RF sources are widely available and can thus
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Fig. 1.10 The equivalent Py
electrical circuit of an Antenna —
antenna connected to an R + .
RF/DC converter L s S MatChlng
Network
VIN +
2 Rectifier

support several autonomous applications. In such a scenario, RF energy harvesting
could be used to recharge batteries in situations where a battery replacement would
be impractical. RF signals from cellular networks, Wi-Fi, and other types of wireless
networks can be captured by small form-factor antennas and further converted into a
usable DC voltage by RF/DC converters, generally through a matching network and
a rectifier [15-17].

The equivalent electrical circuit of an antenna is presented in Fig. 1.10, where Vs,
Rs, and Lg are the open-circuit peak voltage, internal series resistance, and induc-
tance of the antenna, respectively. The matching network is employed between the
antenna and the rectifier to provide impedance matching and maximize the power
transfer between the antenna and the rectifier. When the input impedance of the
matching network equals the complex conjugate of the antenna impedance, the
available power, given by

_ Vs

PAV—87RS7

(1.3)

is delivered to the input of the converter.

1.3 Ultra-low-voltage Energy-Harvesting Applications

Energy harvesting is a feasible technology to power sensor networks [18] and IoT
devices for several biomedical and quality-of-life applications. Due to the low power
typically harvested, appropriate design techniques and efficient communication
protocols must be employed to operate the connected devices.

For the communication between on-body devices, protocol standards such as the
IEEE 802.15.6 have been developed, allowing the deployment of short-range wire-
less body area networks (WBANSs) [3], for which low power consumption is an
essential requirement. Furthermore, for the operation of sensor networks, new
communication standards, such as ZigBee with the Green Power feature, have
been developed, targeting the use of harvesters as a power source.

Several recent papers report the powering of sensor nodes from energy scaven-
gers. In [10], a complete sensor node solution powered from a TEG connected to a
human wrist was able to measure and transmit data every 2 s, with an average power
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consumption of 50-75 pW. A complete sensor node supplied by a photovoltaic cell
is described in [19]. The complete prototype, designed with stacked integrated
circuits and including the photovoltaic cell, occupies a total volume of only 1.0 mm®.

Small sensor nodes allow several quality-of-life and biomedical applications. The
circuits described in [20] are specifically designed to be implanted in the anterior
chamber of the eye, enabling both the measurement of the eye pressure and wireless
communication to send the measurement results. The circuits are designed to occupy
a total volume of 1.5 mm3, including a photovoltaic cell and a thin-film lithium
battery. Targeting a subcutaneous implant, the system powered by the photovoltaic
cell presented in [21] consists of a power management unit, a temperature sensor, a
Bluetooth Low Energy (BLE) module, and a 7-mAh rechargeable battery. The long-
term operation of the subcutaneous implant can be verified using ex-vivo experi-
mental results. A wearable sensor node that measures body temperature and the
heartbeat is described in [22]. The sensor node powered by a flexible photovoltaic
transducer can perform autonomous 24-h operation. The sensor nodes use the BLE
protocol for communication, enabling the implementation of an autonomous
WBAN. In a study reported in [23], a body sensor node that acquires and transmits
electrocardiogram, electromyogram, and electroencephalogram data was developed.
The system is powered by a 30-mV input from a TEG and uses an RF kick-start.

Energy harvesting using ultrasound (US) [24, 25] and inductive links [26] is also
a feasible approach for implantable devices, where an external source of energy is
placed in a very close location to power the implantable device. A monolithic device
that occupies a total volume of 0.065 mm? is reported in [24]. The device is powered
by an external US probe and uses an on-chip piezoelectric transducer to harvest the
ultrasound waves. The system is employed as a temperature sensor and to transmit
temperature data through acoustic backscattering. The implantable system described
in [25] uses a piezoelectric transducer to harvest energy from an external US
transceiver. The same piezoelectric transducer is used for the US data uplink. The
system is designed to measure pressure through the adoption of a resistive bridge
pressure transducer and is comprised of an analog-to-digital converter, a finite-state
machine, and a power-management unit.

1.4 Ultra-low-voltage Energy-Harvesting Converters

The voltage level generated by miniature transducers is low and varies widely with
the power in the environment. Voltage converters between the transducer (antenna,
thermoelectric generator, solar panel, etc.) and the device being powered are
required to provide a stable and appropriate voltage level under several conditions
of available power. Hence, voltage converters capable of operation with ULV inputs
are needed to enable harvesting from the environment even when the available
ambient energy is low, as is the case of thermoelectric generators (TEG) operating
under low temperature gradients or weak radiofrequency signals captured by small
antennas. The most relevant figures of merit for such converters are as follows:
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e Input voltage range—A wide range of input voltages is required to provide a
stable and adequate output voltage when the level of the ambient power oscillates.

* End-to-end efficiency—The converter should be designed to maximize the
extraction of the available power and provide high conversion efficiency.

e Startup voltage—Low startup voltages allow the converter startup and power
cycling at typical low levels of ambient power.

* Device size—A compact form factor using a minimum number of off-chip
components and chip area is desirable, increasing device portability and reducing
implementation costs.

The most common types of converters used to achieve voltage boosting in
energy-harvesting interfaces are the switched-inductor and switched-capacitor
converters.

1.4.1 Switched-Capacitor Converters

Switched-capacitor converters [27-31] can be fully integrated, with minimal area
requirements, although the minimum input voltage for operation of this type of
converter is high (100 mV in [27]). Also, the efficiency is low compared with
switched-inductor converters, especially at low input voltages (only 33% at
100 mV [27]).

1.4.2 Switched-Inductor Converters

Switched-inductor converters are largely employed as an efficient means of DC-DC
conversion in energy-harvesting interfaces [32—34]. This type of converter provides
high end-to-end efficiency (90.8% reported in [35]), but it is generally comprised of
an off-chip inductor and two off-chip capacitors, as will be explained in Chap. 5.
Also, this type of converter cannot self-start at low input voltages, requiring auxiliary
cold-starter circuits, which can be fully integrated, or rely on off-chip components of
large values and high-quality factors (Q). A converter topology including a cold
starter and a main converter is shown in Fig. 1.11.

1.4.2.1 On-Chip Startup Mechanisms

The startup voltages reported in [36, 37] are of the same order of magnitude achieved
by switched-capacitor converters and are thus not appropriate when the aim is ULV
startup. Several circuit techniques have been proposed for startup to find a trade-off
between low-voltage startup and the device size and cost [38—41].
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Fig. 1.11 An energy-harvesting interface comprised of a cold starter, the main inductive boost
converter, and the load

In [38], an oscillator comprised of Schmitt-trigger stages and a cross-coupled
rectifier was used, starting up the converter from an input voltage of 70 mV. By
means of a cross-coupled oscillator (XCO) with on-chip inductors and an 8-stage
charge pump, the work reported in [39] achieved startup with an input voltage of
65 mV at the cost of 0.65 mm? of silicon area for the inductors. Using stacked
inverters to implement an on-chip oscillator and cross-coupled complementary
charge pumps, the circuit described in [40] achieves startup for voltages as low as
57 mV.

1.4.2.2 Off-Chip Startup Mechanisms

The minimum voltage for a system startup can be lowered by using off-chip
components, such as inductors, capacitors, and/or transformers, rather than on-chip
components. A common approach to designing a cold starter is the use of a
transformer in an LC oscillator, which is reused in the boost converter topology as
the main inductor, as reported in [42, 43] and implemented in off-the-shelf products
[44, 45]. The startup voltages of this type of cold starter are very low (21 mV in
[43]), but a complex optimization of the transformer is required to achieve
low-voltage startup and high efficiency. To provide startup at low input voltages
and, simultaneously, high efficiency during steady state, the work reported in [46]
uses a purpose-built transformer with a third coil, providing independent optimiza-
tion of the startup and efficiency. A three-stage voltage converter is described in
[34, 47], where an additional auxiliary stage between the steady-state boost con-
verter and the cold starter is introduced, aiming to reduce the loading effects on the
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cold starter at the cost of increased number of off-chip components and circuit
complexity. In [48], a dual-stage converter is described, where the inductor used
in the cold-starter Colpitts oscillator is reused by the boost converter in a steady state,
achieving startup voltages lower than those of on-chip designs but still higher than
those provided by transformer-based oscillators. In [33], an enhanced-swing cross-
coupled oscillator (ES-XCO) and a Dickson charge pump (DCP) provide startup for
voltage levels as low as 11 mV at the expense of four external inductors for the
ES-XCO. In [49], the circuit achieves startup at 50 mV using a one-shot cold-start
technique. Although no additional off-chip components are required, the startup
circuit relies on an off-chip boost inductor.

1.5 MOS Transistor Modeling for Ultra-Low-Voltage
Design

This section provides a concise model of the MOS transistor for the analysis and
design of CMOS circuits that operate from reduced supply voltages of the order of
some hundreds of mV or even less. The model provides a description of the current
versus voltage characteristics of the MOS transistor from weak inversion to strong
inversion, but emphasis will be placed on the former, since this is the most common
region of operation of MOS circuits supplied by ULV sources.

1.5.1 DC Model of the MOS Transistor

In this subsection, we describe a MOS transistor model suitable for integrated circuit
design. In this model, named the unified current control model (UICM), the drain
current of the MOSFET is decomposed into its forward (Ir) and reverse (Ip)
components [S0-52]. In the UICM, I is dependent on both the gate (V) and source
(Vs) voltages, while I is dependent on both the gate and drain (Vp) voltages, or,
algebraically,

Ip=1Ip—Ig=1(Vs,Vs) —1(Vg,Vp). (1.4)

The voltages in (1.4), seen in Fig. 1.12, are referred to the substrate (B). Note that
for a long-channel device, I is independent of the drain voltage, while I is
independent of the source voltage.

The forward and reverse currents can be expressed in terms of the normalized
forward (iy) and reverse (i) components of the drain current [50-52] as

IRy = Isi (), (1.5)

where
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is the specific (normalization) current, whereas W and L are the gate width and
length, respectively, and

¢2
[SH = /lCan?t (]7)
is the sheet specific current, u is the carrier mobility, C,,, is the oxide capacitance per
unit area, n is the slope factor, and ¢, is the thermal voltage. For a given technology,
Iy is slightly dependent on the gate voltage but, for first-order calculations, can be
assumed to be independent of bias.
The dependences of the normalized forward (iy) and reverse (i,) currents in terms
of the applied voltages are given by the UICM [50-52] as

Vo= Vsmy = [\[1+ism =2+ m(J14igm-1)]. (18
where Vp, the pinch-off voltage, is

Vg —V
Vpg%”, (1.9)

and Vyy is the equilibrium threshold voltage [50-52].

In Fig. 1.13, the drain current of a long-channel MOSFET is plotted in terms of
the drain voltage, for constant gate and source voltages. In the region generally
referred to as saturation, the drain current is almost independent of Vp. This means
that in saturation, I(Vg, Vp)<I(Vg, Vy) or, equivalently, ig>i,. Therefore, I(Vg, Vs)
can be interpreted as the drain current in forward saturation. Similarly, in reverse
saturation, I is independent of the source voltage. Even though the long-channel
DC model is not accurate, it is a good approximation for first-order calculation of the
DC current of any MOS transistor.

Let us now show the simplified results for operation of the transistor either in
strong inversion or in weak inversion. Roughly speaking, weak inversion (WI) is a
condition for which both inversion levels irand i, are much less than unity, say 0.1 or
less. In this case, the drain current is approximated as
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where
Iy = uCongp’e’ % (1.11)

Note that for WI, we have Vp — Vgp) < — ¢,. From (1.10), we can see that the
current saturates for Vpg > 4¢; at a value equal to

(VeB—V10) _Vsp

Ip = IXe<VP*VSB)/¢/ > Jye W e I, (112)

Figure 1.14 shows the WI characteristics of a long-channel MOSFET [53]. The
drain current increases one decade per 2.3n¢), of increase in the gate voltage and
decreases one decade per 2.3¢, (around 60 mV at 20 °C) increase in the source
voltage. The output characteristics in weak inversion saturate for a drain-to-source
voltage of around 4¢,, or around 100 mV at 20 °C.

For strong inversion (SI), Vp — Vspy > ¢, Thus, the drain current becomes
approximately

w
MZWMZ(W—Wf%W—%ﬂ, (1.13)
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Fig. 1.14 Forward characteristics in weak inversion. (Adapted from [53])

Fig. 1.15 Low-frequency G
small-signal model of the
MOSFET N\
_/
8EmaVa
) .
U Ly
S s EmbVp ——— D
0—@—0
g”lSvS
)
gmgvgv
B

which for n = 1 (negligible body effect) coincides with the usual formula of the
current of MOSFETs given in classical textbooks [5] and reproduced below:

w
Ip = uCoiny [(VGS —Vro)* = (Vop — Vo). (1.14)
In this book, we place greater emphasis on the weak inversion region, because for
low supply voltages, the MOSFETs will generally operate in this region.

1.5.2 Low-Frequency Small-Signal Model of the MOS
Transistor

At low frequencies, the small-signal model of the MOSFET is characterized by four
transconductances, as shown in Fig. 1.15.
The gate, source, drain, and bulk transconductances are given by

olp olp olp _0dlp

- e 25 == ==. 1.1
gmg aVG > 8ms aVS > 8md aVD > Emb aVB ( 5)
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Using the UICM of expression (1.8), the source and drain transconductances can
be expressed as

2 ;
gms(d)za( 1+lf<,)—1). (1.16)

Equation (1.16) for the transconductance is a universal expression that allows the
source and drain transconductances of a long-channel MOSFET to be computed in
terms of the inversion level iy,

The gate transconductance can be written as

Ems — 8m
g :Td' (1.17)

For a long-channel MOSFET in saturation, i, < iy, and consequently g,,, 2 g,/
Lastly, the bulk transconductance g,,;, can be calculated from

8ms :gmd+gmg+gmh' (118>

The small-signal transconductances, along with their dependence on the inversion
levels, are instrumental for designing low-voltage oscillators, as we will see in
Chap. 2.

1.5.3 Medium-Frequency Small-Signal Model of the MOS
Transistor

A medium-frequency small-signal model of the MOSFET model, such as the one
shown in the schematic in Fig. 1.16 [51, 52, 54], is suitable for the ULV applications
covered in this book. Figure 1.16 includes five intrinsic capacitances, each of them
defined as follows:

Fig. 1.16 Intrinsic small- G—e
signal MOSFET model. The
complete small-signal m

. <+
del must include th C T
mo .e mus lnC. ude the 85 gmdvdbk'/
extrinsic capac1tances
S »—@ D ——Cy
8EmbVeb
Ch\‘

m

T 8 msvsbv
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Cip = — =2 (1.19)

where Q; is the electrical charge associated with terminal j. The dependence of the
capacitances on the operating point can be found in [51, 52, 54].

In addition to the intrinsic capacitances, the charge storage in the extrinsic parts of
the MOS transistor must be incorporated into the model of Fig. 1.16. The overlap
between the gate and the source and drain diffusions originates the overlap capac-
itances. In parallel with the overlap capacitance, the outer fringing and top capaci-
tances must be included. The substrate-source and substrate-drain junctions must
also be modeled by the nonlinear diode capacitances. Lastly, the extrinsic gate-to-
bulk capacitance must be incorporated into the medium-frequency model [52, 54].

1.5.4 Diode-Connected MOS Transistors

Diodes are essential components for application in rectifier and charge-pump cir-
cuits. In this subsection, we examine some possible realizations of diodes.

We start with the Shockley equation of the p-n junction diode, which expresses
the current I through the diode in terms of the diode voltage Vp as

1))
Ip = Isar (em - 1), (1.20)

where Ig47 is the saturation current and # is the ideality factor, typically a number
between 1 and 2. The p-n junction diodes of CMOS technologies are, in general, not
appropriate for ULV applications due to the extremely low value of the saturation
current per unit area along with its strong dependence on the temperature. However,
for ULV applications, we can configure MOS transistors to operate as diodes, as we
will see next.

Figure 1.17 shows two possible topologies for the MOS transistor connected as a
diode. Note that the current through the device is composed of the transistor channel
current plus the current through the p-n junction diode. The disadvantage of the
MOS transistor in the usual connection, with the substrate (B) connected to the
source (S) (Fig. 1.17a), is that the MOS diode and the p-n junction diode are
connected in antiparallel. Consequently, when the MOS diode is reverse-biased,
the p-n junction is forward-biased. As a result, we have a current that increases
exponentially with the reverse voltage. To avoid the antiparallel connection of the
MOS diode and the p-n junction, the dynamic threshold voltage MOSFET
(DTMOS) configuration shown in Fig. 1.17b can be used. In this case, the channel
and junction diodes are in parallel. The DTMOS can be used for p-channel transis-
tors in an n-well process or for n-channel transistors in a p-well process or in triple-
well processes. To model the MOS diodes, let us use, for simplicity, the WI model.

According to (1.10), the drain current for the MOS diode in Fig. 1.17a is
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Fig. 1.17 MOSFET connections as a diode: (a) MOS transistor with the bulk connected to the
source and (b) MOS transistor with the bulk connected to the gate and drain terminals
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Equation (1.21) shows that the reverse current of the MOS diode increases
exponentially with the reverse voltage applied to the device. Note that the extrinsic
p-n junction also contributes to the increase in the reverse current.

For the DTMOS connection, using Eq. (1.10) with Vg = 0, —Vsg = —V, and
Vpp = 0 yields

_VroT v
Ips = Ixe [eq» - 1] (1.22)

As Eq. (1.22) shows, the DTMOS diode behaves as an ideal diode with ideality
factor n = 1 for low-voltage operation (weak inversion). As is clear from Egs. (1.21)
and (1.22), the requirements for a high saturation current of the DTMOS are a low
V1o and a high aspect ratio.

1.6 Transistor Selection and Characterization

Selecting an appropriate technology is of utmost importance for ULV circuits.
Enhancement-mode devices, such as MOS transistors with threshold voltage in the
range of 0.3-0.5 V, operate with very low current density for supply voltages below
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Fig. 1.18 Output characteristics of a zero-VT transistor with W/L = 2500 pm/420 nm

100 mV and are, thus, of very limited practical utility [55]. MOS transistors with low
or near-zero threshold voltages are particularly suitable for ULV circuits due to their
current drive capability and sufficient voltage gain at very low supply voltages. As
can be seen in the experimental plot of I vs. Vpg for the zero-VT transistor in
Fig. 1.18, the device presents a current capability of some hundreds of micro-
amperes, for low or negative values of V.

The intrinsic voltage gains of the common-gate and common-source amplifiers,
Av,cg and Av,cs, respectively, of a zero-VT transistor are shown in Fig. 1.18.
Assuming the operation of the transistor in weak inversion in the triode region
[55], we have

Vo
Av,cg = Sms — o4, (1.23)
8md
and
w1
Av,es=Em —Bms “8md €% T 1 (1.24)
8md ngma n

For the common-source amplifier, the voltage gain equals unity for Vg = (kT/q)
In(1 + n). On the other hand, the common-gate amplifier provides a voltage gain of
greater than unity for Vpg > 0. This property of the common-gate amplifier is very
useful for lowering the supply voltage limit for the operation of oscillators.
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1.6.1 Extraction of the Main MOSFET Parameters

The main parameters of the MOS transistor (Vr, Is, and n) used in calculations
throughout this book were extracted using a procedure based on the
transconductance-to-current ratio (g,/Ip) [50]. Briefly, V;, Is, and n are extracted
from I, — V; measurements in the circuit shown in the lower part of Fig. 1.19. For
Vps = ¢/2, Vr is the gate voltage at which the condition g,/Ip = 0.53.(g,/Ip)max
holds. Also, the specific current Is = 1.6317,, I}, being the drain current determined
when Vg = V7. Because (g,/Ip)max = 1/ng,, the slope factor n is easily extracted
from the peak of the g,/Ip curve and the temperature. Even though n decreases
slightly with the increasing gate voltage, it is assumed to be independent of V for
the calculations in this book.
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Fig. 1.19 Experimental g,/I;, curve of a zero-VT transistor with W/L = 1500 pm/420 nm and the
circuit configuration for extracting the main static MOSFET parameters
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Fig. 1.20 Simulated I, vs. V), characteristics of the standard and zero-VT transistors available in
the 130-nm technology, both connected as diodes with W/L = 4.2 pm/420 nm. The dashed line
represents the ideal Shockley behavior given by (1.20) with n = 1.4 for both devices

1.6.2 Comparison Between Zero-VT and Standard
Transistors Operating as Diodes

A comparison between the zero-VT and the standard transistors, both connected as
diodes, is shown in Fig. 1.20. As can be seen in the graphs, for low V), the zero-VT
MOSFET presents a saturation current more than two orders of magnitude higher
than that of a conventional transistor of the same area available in a 130-nm process.
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Chapter 2 ®)
Ultra-Low-Voltage Oscillators S

2.1 Introduction to Ultra-Low-Voltage Oscillators
for Energy Harvesting

Ultra-low-voltage (ULV) oscillators are important building blocks for energy-
harvesting converters due to their ability to self-start at extremely low supply
voltages. This characteristic makes them a feasible means for starting up voltage
converters operating from the low voltage levels provided by energy-harvesting
transducers.

In recent years, some authors have presented complementary metal-oxide-semi-
conductor (CMOS) oscillators able to operate from ultra-low DC voltages, typically
smaller than 100 mV. Back in the 1990s, a CMOS ring oscillator operating from Vpp
of 100 mV was presented in [1]. To reduce Vpp to a minimum, the circuit in [1]
employed transistors with threshold voltages close to zero that were tuned using
back bias. More recently, different CMOS-based ring oscillator topologies have been
explored. A VT-tuned CMOS oscillator with hot-carrier injection, described in [2],
achieved startup for supply voltages as low as 80 mV. A further reduction in the
supply voltage of CMOS oscillators was demonstrated in [3], using a stacked
inverter topology, and in [4, 5], using Schmitt trigger cells.

Targeting a more aggressive reduction in the minimum supply voltage for the
achievement of oscillations, LC-based ULV oscillators have been widely adopted in
energy-harvesting applications. Employing native transistors and external inductors
and capacitors, recent publications report the operation of classical topologies, such
as the Colpitts oscillator, from DC voltages lower than 20 mV [6-8]. A further
reduction in Vpp is achieved wusing the enhanced-swing ring oscillator
[9]. Employing native transistors, the topology in [9] can operate from voltages as
low as 30 mV and 5 mV, with fully integrated and off-the-shelf inductors,
respectively.
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The adoption of LC oscillators in energy-harvesting circuits allows the startup
and operation of DC-DC converters from voltages well below 100 mV, as reported
by several authors [10-15] in the past decade. Therefore, due to the important
characteristics of ULV startup, herein we focus on the analysis, design, and imple-
mentation of three LC-based oscillator topologies, namely, the cross-coupled oscil-
lator (XCO), the enhanced-swing cross-coupled oscillator (ES-XCO), and the
enhanced-swing Colpitts oscillator (ESCO).

2.2 The Cross-Coupled LC Oscillator

In the inductive ring oscillator shown in Fig. 2.1 [9], an inductor replaces the PMOS
transistor of the classical CMOS inverter. In this configuration, the oscillator can
operate from lower supply voltages than the classical CMOS inverter and boost the
amplitude of the oscillations beyond the supply voltage. When the number of stages
is equal to 2, the inductive ring oscillator is reduced to the cross-coupled LC
oscillator (XCO), shown in Fig. 2.2, which is widely used in energy-harvesting
applications.

Fig. 2.1 Schematic of an N-
stage inductive ring
oscillator

Staée 2
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Fig. 2.2 Schematic of the Vop Vop
cross-coupled LC oscillator

Fig. 2.3 Schematic and the
simplified small-signal
model of a single stage of
the XCO
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2.2.1 Analysis of the Cross-Coupled LC Oscillator

The analysis of the XCO is based on the simplified small-signal equivalent circuit of
a single stage of the XCO shown in Fig. 2.3 [9, 16], where g,, and g,,, are the gate
and drain transconductances, respectively, C is the sum of all parasitic capacitances
between the drain node and the AC ground, and Gp models the inductor losses. For
the sake of simplicity, it is assumed that the drain-to-gate capacitance Cgy is
negligible. The transfer function of the single stage in Fig. 2.3 is given by

Vout 8m 1
—_—=— 2.1
Vin 8md +Gp 1 —jtang ( )

where ¢, the phase shift between the output and the input, is given by

_ 1 — LCw?
¢ = tan 1 (a)L(gmd-f-Gp)> . (22)
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2.2.1.1 Oscillation Frequency of the Cross-Coupled Oscillator

The Barkhausen criterion states that the phase shift around the loop should be equal
to zero or an integer multiple of 2z for the achievement of oscillations, thus requiring
the phase shift introduced by each stage of the XCO to be equal to z. Therefore, from
(2.2), the oscillation frequency @, is

(2.3)

w, =

1
VLC '
2.2.1.2 Minimum Supply Voltage for Oscillation Startup

of the Cross-Coupled Oscillator

Once the Barkhausen criterion for phase has been satisfied at o,, the loop gain
calculated from (2.1) is given by

H(jo) = (- gmdg—fc;p)z‘ (2.4)

From (2.4), the requirement of greater than unity gain for the starting up of
oscillations is satisfied if

m 1
gT,d1+&>l' (2.5)

Emd
Because the relation between source, drain, and gate transconductances (g s, &mas
and g,,, respectively) is g,, = (gns — &ma)/n (Chap. 1), the minimum transistor gain
8ms!gma required for oscillation, calculated from (2.5), is

%>1+n<1+@>, (2.6)
8Emd 8Emd

where n is the transistor slope factor.

The minimum supply voltage required to start up the oscillator (Vpp ;) can be
calculated using (2.6) and the expression for the drain-source voltage (Vpg) provided
by the MOSFET model described in Chap. 1 given by

VDS ¢t (gms ) Ems
s P —1) + In Sme, 2.7
¢t 2ISg d 8md 8md ( )

For each transistor in Fig. 2.1, the DC voltages are V¢ = Vp = 0 and
Ve = Vp = Vpp. Because Vpg (= Vpp), given by (2.7), is a monotonic function of
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the g,,.s/8ma ratio, the minimum supply voltage required to start up the oscillator is
calculated by substituting (2.6) into (2.7), yielding

— ¢t2 GP Gp
VDD,mm = Tlsngmd 1 +% =+ d)[ In |1 +n 1 +% . (28)

The limit value for minimum supply voltage required to start up the oscillator
(Vpp,iim) 1s obtained when the transistor operates in weak inversion and the inductor
losses are negligible. Thus,

Vop.iim = ¢, In[1 + nl. (2.9)

If n = 1, the limit given by (2.9) is around 18 mV at room temperature. This limit
shows that the circuit can theoretically operate with one-half the value of the Meindl
limit [17] of digital circuits, which for a CMOS inverter is 36 mV at room temper-
ature. This result was expected since the oscillation condition of the cross-coupled
oscillator (loaded with an infinite-Q tank) is that the voltage gain of the transistor
equals unity. The unity gain of a transistor operating in weak inversion is obtained
for a supply voltage of 18 mV at room temperature [6].

2.2.2 Cross-Coupled Oscillator Design and Experimental
Results

Experimental results for the oscillator topology in Fig. 2.2, operating from DC
voltages below 100 mV, have been reported in the technical literature for different
realizations [16, 18]. For energy-harvesting applications, the oscillator design should
consider the reduction of Vpp i, form factor, and power consumption. In this
section, we focus on the design and experimental results of a fully integrated
cross-coupled oscillator [16].

2.2.2.1 Design of a Fully Integrated Cross-Coupled Oscillator

Based on the analysis presented in Sect. 2.1, an XCO that operates from supply
voltages lower than 50 mV was designed. From (2.8), one can see that the minimum
supply voltage has a strong dependence on the inductor losses. Thus, inductors with
a high-quality factor at the oscillation frequency (Q ~ 8 at 500 Mhz) were chosen. It
is then possible to calculate (or determine through simulation) the W/L ratio of the
zero-VT transistor to achieve the required capacitance for the specified oscillation
frequency (f,,,.), which should be lower than the self-resonant frequency (SRF) of
the inductors. The characteristics of the integrated transistors and inductors are
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Table 2.1 Summary of the device characteristics and the main simulated and experimental results
of the fully integrated two-stage XCO [16]

Device characteristics Results

Transistor Inductor Simulated Experimental

WIL = 30 x 6pm/0.42 pm L =108 nH Vop,min = 38 mV Vop,min = 45.3 mV
Vr =53 mV 0=79 Sose =467 MHz Sose =410 MHz

Ig =175 pA SRF = 1.1 GHz Ipc = 0.14 mA Ipc = 0.26 mA
&ma = 2.06 mA/V

?g,,q and Ipc were determined at Vpp = 30 mV and 50 mV, respectively
°L was simulated at 460 MHz

Fig. 2.4 Micrograph of the two-stage XCO in the 130-nm technology

summarized in Table 2.1. Differences between the simulated and experimental
values of the DC current (Ipc) at Vpp = 50 mV are mainly attributed to the
differences between the nominal and practical values of the threshold voltage.

A micrograph of the fully integrated XCO in a 130-nm technology can be seen in
Fig. 2.4. Measurements were taken in both the time and frequency domains. The
experimental waveforms shown in Fig. 2.5a for each output of a voltage buffer,
which has as inputs the two phases of the inductive ring oscillator, were measured
using an oscilloscope (Tektronix DSA 70804C). The measured oscillation frequency
is around 410 MHz for Vpp = Vpp uin = 45.3 mV. The spectrum of the signal
generated by the XCO for Vpp = 50 mV, which is shown in Fig. 2.5b, was taken
using the spectrum analyzer Agilent MXA 9020A.

The oscillation amplitude and frequency of the XCO were measured as functions
of the supply voltage, as shown in Fig. 2.6. The peak-to-peak oscillation amplitude
(Vpp) is around 68 mV at Vpp = 50 mV.
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Fig. 2.5 (a) Experimental waveforms at the buffer outputs for Vpp = 45.3 mV and (b) spectral
diagram of the cross-coupled oscillator signal for Vpp = 50 mV

Fig. 2.6 Experimental 300 420
peak-to-peak output voltage
and oscillation frequency of
the XCO versus Vpp
200¢ 1400 _
S T
g 2
& o
;&\ 3
100t 380 <
0 36
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The deviations of the minimum supply voltage, oscillation frequency, and DC
power consumption (measured at Vpp = Vpp uin) Were determined from the mea-
surements taken for five samples. The slight variation of the oscillation frequency
with Vpp is due to the nonlinear capacitances of the MOSFET. The maximum
deviation of Vpp ., between the samples was 2 mV, whereas the frequency devi-
ation between the fastest and the slowest sample was less than 1%. The power
consumption of the oscillator was below 20 pW for all five samples.

The main simulated and experimental results of the XCO are summarized in
Table 2.1. Since the main goal of this design is to obtain an oscillator for energy-
harvesting applications that provides startup at ultra-low supply voltages, the accu-
racy of the oscillation frequency is not of major concern.
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Fig. 2.7 Schematic
diagram of a two-stage
ES-XCO

2.3 The Enhanced-Swing Cross-Coupled Oscillator

The enhanced-swing cross-coupled oscillator (ES-XCO), shown in Fig. 2.7, is a
variation of the XCO that uses an additional inductor between adjacent stages of the
oscillator to further reduce Vpp iy and increase the oscillation amplitude [19, 20].

2.3.1 Analysis of the Enhanced-Swing Cross-Coupled
Oscillator

The simplified small-signal equivalent circuit of a single stage of the ES-XCO is

shown in Fig. 2.8, where Rg; is the series resistance of inductor L,, Gp is the parallel

conductance of L;, and the other symbols have the same meaning as in Fig. 2.3. To

simplify the analysis, the transistor capacitance C,,; Was not taken into account.
The transfer function of the single stage in Fig. 2.8 is

Vin Jo(ga + Gpi)Li [l — @*LyC + %] — @ L1 C[1 + (g, + Gp1)Rs2 + Lo /L1] + 1
(2.10)

The condition of loop phase shift equal to a multiple of 2z for oscillation requires
the phase shift between the two stages of the circuit in Fig. 2.7 to be equal to ,
similar to the XCO.

2.3.1.1 Oscillation Frequency of the Enhanced-Swing Cross-Coupled
Oscillator

The condition for a phase shift equal to z between v,,,, and v;, is that the imaginary
part of (2.10) equals zero. Therefore,
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Fig. 2.8 Schematic and
simplified small-signal
model of a single stage of
the ES-XCO

Wy = R (2.11)
VLiC[1 + Ly /Li + Rs2(8q + Gp1)]
which, for lossless inductors, reduces to
1
Wy = (212)

VI +1L)C

2.3.1.2 Enhanced-Swing Cross-Coupled Oscillator Minimum Supply
Voltage for Oscillation Startup

From (2.10), the greater-than-unity gain required to start up oscillations is achieved
for

R
&m > {(gdeer)(l —LCal) +Z—21C] (2.13)

Because g,, = (gns — &ma)/n (see Chap. 1), (2.13) can be rewritten as

8ms GPl 2 RSZC:|
2E>1+n| 1+ 1 —L,Cw:) + . 2.14
8md |:< gmd>( ? 0) ngmd ( )

Assuming that the inductors are lossless and the oscillation frequency is given by
(2.12), the transistor gain required for oscillation in (2.14) can be rewritten as

@>1—|—n[ Ly

: 2.15
- LiL (2.15)
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We follow the same procedure used for the XCO to calculate the minimum supply
voltage. For each oscillator transistor, we have the DC values Vg = Vz = 0 and
Ve = Vp = Vpp. For a fixed g,,4, the minimum Vpg (= Vpp) is reached combining
the equation for the minimum g,,,,/g,, ratio given in (2.14) and the expression for the
drain-source voltage (Vpg) in Chap. 1. Thus, for operation in weak inversion, the
limit value for the minimum supply voltage is given by

_ L
VDD,ltm = ¢t In <1 +nL1 +L2> (216)

If L, > L,, the voltage gain of the transistor can be (much) lower than unity.
Thus, for high values of L,/L;, the ES-XCO is capable of oscillating at supply
voltages well below the thermal voltage, as experimentally verified in Sect. 2.2.2.

2.3.1.3 The Effect of the Load on the Oscillating Frequency
and Minimum Transistor Gain

For energy-harvesting applications, the output of the oscillator is typically loaded by
an AC-DC converter, such as a charge-pump circuit. Thus, we analyze the effect of
the output load on the behavior of the ES-XCO shown in Fig. 2.9a. Using the
equivalent small-signal circuit of a single stage, as shown in Fig. 2.9b, the transfer
function of a single stage is

Vo'uf — _ &m . (217)
Vin (gmd + Gp1 + i) [(SC + GU)(SLQ + Rsz) + ]] +sC+ G,

where G, represents the load at the oscillator output.
Following the same procedure adopted for calculating the oscillation frequency of
the unloaded ES-XCO, the oscillation frequency for the loaded oscillator is given by

o _\/ G,Rgy +1
‘ (L] +L2)C+L1(R52C—|—L2G(,)(gmd + GPI)’

(2.18)

which reduces to

1
\/(L] + LQ)C + LleGﬂgmd

(2.19)

w, =

for negligible inductor losses. The greater-than-unity gain required for oscillations is
achieved for
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Fig. 2.9 (a) Schematic diagram of the two-stage ES-XCO and (b) simplified small-signal model of
a single stage of the ES-XCO

L
&m > &ua(1 — LaCall+) + G, <1 + —2>, (2.20)
which can be written in terms of g,,, and g, as

Ems n 2 L2
Sms o 14 e (1= LCa?) + G, [ 1+22)]. 221
8md 8md 8 d( ? ) 0( L1>:| ( )

Finally, disregarding the inductor losses, assuming n = 1 and substituting (2.19)
into (2.21), the minimum transistor gain required for oscillation can be written as

8ms L2C Gg < L2>
2> 2 — + 1++=. 2.22
8md (L1 + Lo)C+ LiL,Gogry  8ma L (222)

The effect of G, on both the oscillation frequency (2.19) and the minimum
transistor gain (2.22) is shown in Fig. 2.10. The effect of G, on the minimum
transistor gain required for oscillation can be reduced by increasing g,,; through
transistor widening.



36 2 Ultra-Low-Voltage Oscillators

Fig. 2.10 Calculated
oscillation frequency

normalized to @, =

1//(Ly + L,)C and

minimum transistor gain as a
function of the output
conductance. L; = 9.5 pH,
L, = 950 pH (both with

Q =80)and C =3 pF

-10.75

J0.25

2.3.2 Enhanced-Swing Cross-Coupled Oscillator Design
and Experimental Results

To demonstrate the capability of the ES-XCO to operate from ultra-low supply
voltages and to boost the oscillation amplitude beyond the supply rails, the design
and the experimental results of two ES-XCOs are described in this section. The first
ES-XCO was built with off-the-shelf inductors while the second ES-XCO with fully
integrated inductors. The ES-XCOs demonstrated operation at supply voltages as
low as 3.5 mV and 30 mV, respectively.

2.3.2.1 Design of an Enhanced-Swing Cross-Coupled Oscillator Using
Off-the-Shelf Components

A prototype of an ES-XCO was realized using off-the-shelf inductors and native
transistors with an aspect ratio of W/L = 1500 pm/420 nm in a 130-nm CMOS
process [9]. The transistors, which were designed to provide enough drive capability
to compensate for the inductor losses, were built as a parallel association of
300 x 5 pm-width transistors with minimum channel length. The oscillator circuit,
along with the values for the inductor parameters characterized at 1 MHz, are shown
in Fig. 2.11.

The voltages at the oscillator outputs are shown in Fig. 2.12a, b for supply
voltages of 3.7 mV and 4.7 mV, respectively. The measured oscillation frequency
is around 1.1 MHz. Note that the amplitude of the output voltage greatly exceeds the
supply voltage. The difference in the magnitudes is a consequence of mismatches
between inductors and between transistors.

The oscillation amplitude in terms of the supply voltage is shown in Fig. 2.13.
The measured values are very close to those obtained from simulations using
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Fig. 2.11 The ES-XCO
with off-the-shelf inductors
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Fig. 2.12 Experimental gate voltages of the ES-XCO for (a) Vpp = 3.7 mV and (b) Vpp =4.7mV
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Cadence Spectre. The photograph in Fig. 2.14 indicates the discrete prototype of the
ES-XCO, along with the measurement equipment. In this experiment, in which the
minimum supply voltage for oscillation was around 3.5 mV, each oscillator output
was loaded by an oscilloscope probe of R = 1 MQ and C = 2 pF.
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Fig. 2.14 Picture of the discrete prototype of the ES-XCO and test equipment

2.3.2.2 Design of a Fully Integrated Enhanced-Swing Cross-Coupled
Oscillator

A prototype of a fully integrated ES-XCO was implemented in the 130-nm CMOS
process [16]. The inductors were designed to achieve a relatively high K; = L,/L,
ratio (around 4) targeting the reduction of g,,/g,.« and, consequently, the reduction
of Vpp, min- Both inductors have a relatively high Q (around 8 at 400 MHz), which is
close to the maximum value of Q for the technology under consideration.

The oscillator transistor was sized with minimum length, while the width was
sized to achieve a gate capacitance of the order of 1.6 pF, which would result in an
oscillation frequency of approximately 400 MHz. Due to the additional parasitic
elements introduced by the physical layout, we resorted to some fine-tuning through
simulation to determine the transistor width, which was found to be 25 x 20 pm for
starting up oscillations at the lowest supply voltage.

A summary of the characteristics of the components of the ES-XCO is given in
Table 2.2. As can be seen, the measurements and the simulated results of the
ES-XCO match approximately. Figure 2.15 shows a micrograph of the ES-XCO
circuit integrated in a 130-nm technology.

The same setup used to measure the fully integrated XCO was employed to
characterize the fully integrated ES-XCO. Voltage buffers were employed to mea-
sure the two oscillator phases shown in Fig. 2.16a. A remarkable feature of this
circuit is that it oscillates from a supply voltage of as low as 30 mV, despite the
different amplitudes of the waveforms. The oscillation frequency is around
340 MHz. The spectrum of the signal generated by the fully integrated ES-XCO
for Vpp = 30 mV can be seen in Fig. 2.16b.
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Table 2.2 Summary of device characteristics and the main simulated and experimental results for

the fully integrated ES-XCO design [16]

Device characteristics Results

Transistor Inductor L, Inductor L, Simulated Experimental
w/ L=19nH L =280nH Vop, Vop,

L =125 x 20pm/ min = 29 mV min = 30 mV
0.42 pm

Vy =46 mV 0=38.17 0=179 fose =410 MHz | f,,sc = 340 MHz
Ig =225 pA SRF=62GHz |SRF=12GHz |Ipc=0.72mA |Ipc=0.86 mA
8gma = T MA/V

“gmd and IDC were obtained at VDD = 30 mV and 50 mV, respectively

bLl and L, were simulated at 460 MHz

Fig. 2.15 Micrograph of
the two-stage ES-XCO in
the 130-nm technology

The dependence of both the amplitude and frequency of the ES-XCO on the
supply voltage Vpp can be seen in Fig. 2.17. For Vpp = 50 mV, the peak-to-peak
amplitude is around 290 mV. The minimum supply voltage for starting up oscilla-
tions is 30 mV at room temperature.
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Fig. 2.16 (a) Waveforms at the output of the voltage buffers for Vpp = 32 mV and (b) spectral
diagram for the ES-XCO with Vpp = 30 mV
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2.4 The Ultra-low-Voltage Enhanced-Swing Colpitts

Oscillator

For ULV applications, the conventional Colpitts oscillator illustrated in Fig. 2.18
presents some limitations, which will be discussed before analyzing the enhanced-
swing Colpitts oscillator (ESCO).

When the voltage swing is large, the current source enters the triode region for a
fraction of the period, leading to a close-to-zero voltage drop across the current
source. Thus, the minimum voltage at the source and drain is limited to around zero
volts (ground level). Consequently, the maximum sinusoidal peak-to-peak voltage
swing at the drain cannot exceed 2Vpp (supply-limited region), which is an impor-
tant drawback of the Colpitts oscillator in Fig. 2.18.
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Fig. 2.18 Conventional
Colpitts oscillator

Fig. 2.19 (a) Schematic of Voo * ]
the ESCO and (b) its small- —
signal model G,

In order to increase the voltage swing of the oscillations, the current source in
Fig. 2.18 can be replaced by an inductor [7, 21-23], as shown in Fig. 2.19a. This
topology can boost the oscillation amplitude beyond the supply rails. In [24], in
addition to the inclusion of a second inductor, substrate bias is used to reduce the
minimum Vp,p, required for oscillations.

2.4.1 Analysis of the Enhanced-Swing Colpitts Oscillator

The small-signal model of the ESCO is shown in Fig. 2.19b. The transistor capac-
itances at the source node are absorbed into C,. G; and G, model the losses of
inductors L and L,, respectively.
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2.4.1.1 Oscillation Frequency of the Enhanced-Swing Colpitts Oscillator

For the sake of simplicity, let us assume that the ESCO oscillation frequency is
independent of both the losses and the transistor parameters. The oscillation fre-
quency can be calculated as the resonance frequency of the equivalent LC tank
(Fig. 2.19b) composed of the inductor L; and an equivalent capacitance C,, given by

C1C,

Copp=—=+, 2.23
7 C + C’2 ( )
where
C,=C, — —1 (2.24)
2 2 G)%Lz ’

is the equivalent capacitance of the L,C,-tank at the oscillation frequency w,,, which
can be determined from

@2L1Coy = 1. (2.25)

The value of the equivalent capacitance C,, is found from (2.23), (2.24), and
(2.25), yielding

co (Ci +Co)k+Cy — \/[(Cl + Co)kr — Cl]2 + 4k, C?
eq — D) s

(2.26)

where k; = L,/L;.

2.4.1.2 Minimum Transistor Gain for Oscillation Startup

To find the requirements with regard to the transistor parameters to achieve oscilla-
tion, firstly, the voltage gain from drain to source must be calculated. Using the
small-signal equivalent circuit of Fig. 2.19b and assuming that the Q values of the
LC tanks are high at the oscillation frequency w,, the relationship between the source
and drain voltages is

Va
Vs

G L
Co Lo’

I

——(1- a)ngCz) = (2.27)

=da

S

where v, and v, are the small-signal voltages at the source and drain, respectively.
The value of a, calculated from (2.26) and (2.27), is given by
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Fig. 2.20 ESCO with Vv, vV,
capacitive divider modeled * * * old:lle
as a transformer G+
27 8ms
Ceq Ll Gl +gmd _agmdym
ngvS

a:u+,/u2+l;l, (2.28)
L,

_ G_L
u=> (1 + Lz>' (2.29)

To achieve high swing with low supply voltages, the value of @ must be relatively
close to unity, i.e., C,/C; < 1. In this case, (2.28) can be approximated as

where

ac,«c, = 1 +% (230)

Using the calculated value of a, the capacitive divider is modeled as a transformer
[25], as represented in the small-signal equivalent circuit of the ESCO shown in
Fig. 2.20. To achieve oscillations, the transistor must compensate for the losses of
the passive components. Reflecting the conductance connected to the secondary
winding to the primary winding (Fig. 2.20), the requirement for oscillation is written
as.

2
8ms a G1 1 G2
= >a+ + —_—. 2.31
8Emd (a - 1) 8md (a - 1) 8md ( )

The curves in Fig. 2.21 represent the minimum gain g,,,/g,,¢ calculated from
(2.31) for the case in which G; = G, = G.

As is clear from Fig. 2.21, there is an optimum value for the voltage gain a that
minimizes the transconductance required for oscillation. The value a,,, that mini-
mizes the right-hand side of (2.31) is

G +G
g = 1+ 4 /G:ngd' (2.32)

From (2.30) and (2.32), after selecting g,,4, L1, and L,, and assuming that the
quality factors of the inductors are equal, i.e., G{/G, = L,/L;, the C,/Cj ratio that
minimizes the voltage gain required for oscillation is given by
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Fig. 2.21 Minimum 103
transistor intrinsic gain to
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C,/C| ratio for L; = L,, with

Glg,,q as a parameter
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The substitution of (2.32) into (2.31) yields the optimized minimum value for the

intrinsic gain
ms 5 14201 49 (1+ﬂ><1+i)ﬂ. (2.34)
8ma 8ma Ly 8md) 8md

2.4.1.3 Minimum Supply Voltage for Oscillation Startup

The DC values of the MOSFET terminal voltages are V¢ = Vz = 0 and
Ve = Vp = Vpp. For a fixed g,,4, the minimum Vpg (= Vpp) is reached by
combining the equation of the minimum transistor gain and the expression for the
drain-source voltage (Vpg) provided in Chap. 1, which, along with G,/G, = L,/L,,
yields

¢ G L G\ G
Vi = 2bg 1290 4o [(1420) (14 50) G
DD, min ZISg d gmd+ +L2 +gmd 8Emd

1425615 <1 +ﬂ) (1 +ﬁ)ﬂ
8md L2 8md) 8md

+¢ In . (2.35)
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For C,/C, < 1, the MOSFET operation in the subthreshold region and negligible
losses in the inductors, (2.30) and (2.35) can be combined to obtain the limit for the
minimum supply voltage of the ESCO as

Vop,iim = ¢,In (a) = ¢, In (1 +%) (2.36)

Theoretically, as (2.36) shows, the ESCO can oscillate at ultra-low supply
voltages. In practice, however, the unavoidable losses, parasitic capacitance of the
drain node, and operation of the transistor in moderate or strong inversion will
contribute to increasing the value of Vpp given by (2.36). Some simulated and
experimental results for the minimum supply voltage, including losses and consid-
ering the transistor operation in moderate inversion, will be given in Sect. 2.3.2.

2.4.2 Enhanced-Swing Colpitts Ocillator Design
and Experimental Results

To demonstrate the feasibility of the operation of the ESCO for supply voltages
under 100 mV, two designs are presented, one using off-the-shelf devices with high-
quality inductors and capacitors and the other with fully integrated components.

2.4.2.1 Design of an Enhanced-Swing Colpitts Oscillator
with Off-the-Shelf Components

The ESCO prototype shown in Fig. 2.22a was built with off-the-shelf inductors and
capacitors and a zero-VT transistor of the 130-nm CMOS technology [9]. The main
transistor parameters are shown in Table 2.4. The oscillator circuit, together with the
values for the components employed in the experiment, are shown in Fig. 2.22b.
Inductors with nominal inductance of 10 mH and a quality factor of around 90 were
chosen. Using Eq. (2.26), for C; > C,, the approximate value for C, was found (=
440 pF), which provides an oscillation frequency of around 110 kHz. For the
experiment, we employed nominal values of 3.6, 2.0, 1.8, and 1.54 nF for C;.
Transistor capacitances, measured for Vg = Vp =20 mV and Vg = 0, are negligible
in comparison with C; and C,. The quality factors of the capacitors are around 2000.
Passive devices were characterized at 100 kHz, and their values, along with the
parasitic losses, are given in Fig. 2.22.

With C; = 1.54 nF, the prototype shown in Fig. 2.22 oscillates at around
108 kHz. The experimental waveform of the drain voltage is shown in Fig. 2.23
for Vpp = 15 mV.

The simulation results for the minimum supply voltage required for the achieve-
ment of oscillations are reported in Fig. 2.24. Note that the losses of the passive
components do not play an important role in this case, except for very low C,/C,
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Fig. 2.22 (a) Photograph of
the ESCO prototype with
zero-VT transistor in the
130-nm technology and (b)
schematic of the ESCO with
values for the passive
components characterized at
100 kHz. Values for C; are
given in the text

Ry=600 kQ

ratios (i.e., below approximately 10~2). Four experimental values, C»/C; = 0.12,
0.22, 0.25, and 0.29, represented by the triangles, show acceptable agreement with
the simulation results. For C,/C; = 0.12, the prototype sustained oscillations at a
supply voltage of only 15 mV, whereas the simulation indicated a supply voltage of
8 mV. The dotted line indicates the theoretical limit for operation in weak inversion.

Figure 2.25 shows the oscillation amplitude as a function of the supply voltage.
The curves represent the simulated values, whereas the symbols indicate the exper-
imental results.

2.4.2.2 Design of a Fully Integrated Enhanced-Swing Colpitts Oscillator

Based on the analysis presented in Sect. 2.3.1, a fully integrated Colpitts oscillator
was designed for operation at 800 MHz [8]. The oscillator employs a wide zero-VT
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Fig.2.23 Drain voltage waveform for Vpp = 15mV, C; = 1.54 nF, C, = 0.44 nF, and temperature
of around 23 °C
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transistor (W/L = 300 x 5 pm/420 nm) to provide enough drive capability to
compensate for the inductor losses.

Once the inductors and transistor parameters are known, the capacitive feedback
can be readily determined from (2.33), which, in this design, yields an optimum
capacitive ratio of approximately 0.7. From (2.25) and (2.26), after some adjust-
ments to account for the parasitic capacitances of the layout, the values of C; and C,
were set to 6 pF and 3.5 pF, respectively.
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Fig. 2.25 Simulated — —n
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Fig. 2.26 Schematic diagram of the fully integrated ESCO and the voltage buffer

A schematic diagram of the oscillator and the voltage buffer is shown in Fig. 2.26. A
tapered inverter chain was chosen for the buffer, minimizing the capacitive load at the
oscillator output. The inductor parameters, simulated at 800 MHz, and the MOSFET
capacitances, extracted from Cadence EDA tools, are indicated in Fig. 2.26. The
micrograph of the chip in the IBM 130-nm technology is shown in Fig. 2.27.

The setup used for the measurements is shown in Fig. 2.28. The fully integrated
ESCO was able to oscillate from supply voltages of around 86 mV, while the
calculation based on (2.35) gives a minimum supply voltage of 56 mV. The
calculated values were taken from the simulated parameters detailed in Fig. 2.26,
without taking into account the parasitic elements introduced by the layout.
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Fig. 2.27 Micrograph of the fully integrated ESCO built in the IBM 130-nm technology
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Fig. 2.28 Setup used for the measurements of the fully integrated ESCO, operating with
VDD = 86 mV

2.5 Comparison Between the Circuits

This chapter presented an analysis of three oscillator topologies appropriate for ultra-
low-voltage operation. The main results as well as some design characteristics are
summarized in Table 2.3. Two of the topologies described, the ESCO and the
ES-XCO, can operate from supply voltages below the thermal voltage. On the
other hand, the inductive ring oscillator is a very convenient topology for applica-
tions that require minimum supply voltages of the order of 2k7/q (two times the
thermal voltage) and fewer components.
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Table 2.3 Comparison between the XCO, ES-XCO, and ESCO topologies

XCO ES-XCO ESCO

V, In(1 +n nL, G/C

7S (et ()

@, 1/vVLC 1/\/C(Li + L) 1//Ceqly

Design | Easiest: “ratio-less” Intermediate: L,/L, Hardest: L,/L, and C,/C; ratios
design ratio

Area Intermediate, at least two | Large, at least four Intermediate, two inductors and
inductors inductors two capacitors

Table 2.4 Comparison between the ULV oscillators designed in this study

Devices Experimental
Fully integrated XCO WIL =30 x 6pm/0.42 pm VoD.min = 46 mV
L =108 nH 0=179 Vpp = 68 mV
Jose = 410 MHz
Ipc = 0.26 mA

*[ simul. at 460 MHz; Vpp, Ipc meas. at Vpp = 50 mV

Fully integrated ES-XCO

WIL =25 x 20pm/0.42 pm

VDD,min =30 mV

L, =19 nH L, = 80 nH Vpp =290 mV
0, =287 0,=179 Jfose = 340 MHz
IDC = 0.86 mA

*[ simul. at 400 MHz; Vpp, Ipc meas. at Vpp = 50 mV

ES-XCO off-the-shelf

WIL = 300 x 5pm/0.42 pm

VDD,min =35mV

L, =12mH

Vpp = 144 \'%

0,=55

0, =60

fose = 1.1 MHz

*[, simul. at 1 MHz; Vpp, meas. at Vpp = 20 mV

Fully integrated ESCO

WIL =300 x 5pm/0.42 pm

VDD,min =86 mV

L, =13.6 nH L, =242 nH fose = 706 MHz
0,=139 0,=133 Ipc =3 mA

*L simul. at 800 MHz; Ipc meas. at Vpp = 100 mV

ESCO off-the-shelf

WIL =500 x 5pm/0.42 pm

VDD,min = 15 mV

L, =9.8 mH L, =9.8nH Vpp = 640 mV
01 =90 0, =90 fose = 110 kHz
C, =154 nF C, =440 pF

*[ simul. at 100 kHz; Vpp, meas. at Vpp = 20 mV
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Table 2.4 summarizes the main characteristics and experimental results of the

different realizations. It should be noted that for both ES-XCO and the ESCO, high
ratios between the values of the energy storage devices can lead to very low Vpp in,
which is feasible with discrete components but can be hard to achieve in integrated
implementations.
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Chapter 3 )
Rectifier Analysis for Ultra-Low-Voltage Shex
Operation

3.1 Introduction to Ultra-Low-Voltage Rectifiers

Rectifiers are commonly used together with ultra-low-voltage (ULV) oscillators
[1, 2], such as those analyzed in Chap. 2, to build step-up voltage converters that
can boost voltages as low as the thermal voltage k7/g to the higher levels
(Vpp > 500 mV) required to supply electronic devices. Although this type of
converter is usually associated with low efficiency, it can be fully integrated and
can start up from ultra-low voltages, making it a feasible option to provide cold
startup in a complete energy-harvesting interface [3].

In the context of this work, the voltage levels can be far lower than 100 mV; thus,
the approximation of constant forward voltage of the diode, usually taken as some
tens of mV for silicon diodes, is not appropriate. In this chapter, we use a physics-
based (Shockley) diode model valid for extremely low voltages [4, 5] to analyze the
main characteristics of rectifiers, such as the Dickson charge pump (DCP) and the
voltage multiplier. Expressions for the output voltage, power conversion efficiency,
and input resistance are derived, allowing the design and optimization of rectifiers
based on the diode parameters and specifications, such as the signal amplitude
and the load current. These models can be used in the co-design of oscillators and
rectifiers, as described in Chap. 4, to minimize the startup voltages of voltage
converters.

3.1.1 The Basic Half-Wave Rectifier

Before introducing the ULV rectifier model, we analyze the basic half-wave rectifier
shown in Fig. 3.1, which forms the basis for the more complex rectifiers described in
the following sections. To simplify the analysis, we assume that:

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 53
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+ D Diode voltage waveform (V)
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€L 2Ve +Von
Output voltage (V1)

Ve -Von

t

Fig. 3.1 Basic half-wave rectifier along with the voltage waveforms

(i) the circuits operate in a steady state;
(i1) the capacitors have an infinite quality factor and are large enough to ensure that
the AC voltage across them is much smaller than the thermal voltage;
(iii) the stray capacitances to ground are much smaller than the coupling
capacitances;
(iv) the load current is constant.

For the sake of simplicity, we first assume that the input voltage is a square wave.
In this analysis, the diode I x V relation is modeled by the Shockley equation
given by

Ip = ISAT(EVD/w’ - 1), (3.1)

where Ig47 is the diode saturation current, n is the diode ideality factor, ¢, is the
thermal voltage, and V), is the voltage across the diode.

Under steady-state operation, the average diode current in Fig. 3.1 over a com-
plete cycle of the oscillation is equal to the load current I, [4], i.e.,

T
1 2
I, = T /,ledt' (3.2)

2

Assuming that the rectifier is connected to a square-wave voltage generator, as in
Fig. 3.1, the voltage across the diode D can be calculated using the Kirchhoff
Voltage Law (KVL), resulting in the waveform also presented in Fig. 3.1. Therefore,
expression (3.2) can be written as
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0 L T
<1+1—L>T—/ e(‘%pr)dwr/ze(%)dt. (3.3)
— 0

Isar I

From (3.3), the diode forward voltage drop can be expressed as
cosh (Vp/ng,)

Vov=Vp— In | ——————~|. 34

ON P ng, n[ 1 +1p/Isar (3.4)

As can be seen in expression (3.4), the diode forward voltage drop is a function of
the peak amplitude of the signal applied to the rectifier, the load current, and the
diode parameters (n and Is,7). For the case of Vp/ng, > 1, Eq. (3.4) can be simplified
to

VONEn(ﬁ,an(lJrIL/ISAT). (35)

Therefore, the half-wave rectifier circuit acts as a peak detector with a usually
small error given by (3.5).

Once the diode forward voltage drop is found, the output voltage of the half-wave
rectifier can be calculated as

cosh (Vp/ng,)
\% =Vp—Vony = In | —————~—. 3.6
our P on = ng,In [ U+ 11 /Isar (3.6)

The curves of the normalized output voltage of the half-wave rectifier are plotted
in Fig. 3.2 using expression (3.6).

Expression (3.4), used to determine the diode forward voltage drop, can be
applied to calculate the characteristics of other types of rectifiers such as the DCP
and the voltage multiplier, which are described in the next chapter.

Fig. 3.2 Theoretical curves 16
of the half-wave rectifier

output voltage (Vp/ng, is a 147 A Vplng,
logarithmically spaced 121
vector ranging from 0.1 to

15) 10 1

U

10103 102 10 10° 10" 10% 10° 10* 10° 10°
IL/ISAT
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3.1.1.1 The Ripple of the Half-Wave Rectifier

Let us now assume a finite capacitor for calculation of the voltage ripple. For the
capacitor discharge, the current calculated by the Kirchhoff Current Law (KCL) is
given by

Icg _(IL+ISAT)’ (37)

where Ig47 stands for the diode current leakage. The approximation of (3.7) is valid
for Vp/ng, > 1. In the time interval from —772 to 0, the voltage variation AV across
the capacitor is calculated as

1 UL +Isan)T
AV——E/g(IL—i-ISAT)dl——T. (38)

The percentage ripple voltage at the output is

AV oo+ Isnp)T
Vour 2CVour

(3.9)

For a given specification of the percentage ripple of the half-wave rectifier,
expression can be used to calculate the output capacitance.

3.2 The Dickson Charge Pump

The basic operation of a charge pump can be understood with the help of the basic
voltage doubler shown in Fig. 3.3. The switches S; and S, are controlled by a clock
signal that sets two alternating phases of operation. During phase ¢, S is closed and
S is open; thus, the capacitor C; is charged with C;Vpp. During phase ¢, only S, is
closed, and charge redistribution between C; and C,, which are now in series,
occurs. For the ideal and unloaded circuit of Fig. 3.3 and assuming that V0) =0,
after the first clock cycle, Voyr = 2VppCi/AC; + C,). After a few clock cycles, the
system reaches a steady state, and Vo7 tends towards 2Vpp.

The Dickson charge pump shown in Fig. 3.4 has the same principle of operation
as the voltage doubler, in which capacitors are used to transfer charges to the output,
providing voltage boosting. Assuming initially that the forward voltage drop across
each diode is the same, the DCP output voltage in a steady state is given [6, 7] by

Vour =Vin+4Vp —3Von, (310)

where Vo is the diode forward voltage drop, and Vp is the peak voltage of the clock
signal.
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Fig. 3.4 Dickson charge pump along with an indication of the nodal voltages

Although the result obtained in (3.10) gives us some idea regarding the output
voltage of the DCP, the conventional approach assuming a constant forward voltage
drop over the diodes is not applicable for ULV operation because it does not take
into account the dependence of Vy on both the diode parameters and the load
current. Thus, to analyze the DCP for input voltages down to the order of the thermal
voltage kT/q or even less, a converter model, which includes both the load current
and the more realistic exponential current-voltage characteristic of the diode, is
derived [8-10].

3.2.1 Analysis of the Dickson Charge Pump

A schematic of the DCP with the voltage waveforms across the diodes for steady-
state operation is shown in Fig. 3.5. The voltage waveforms across D; and Dy, differ
from those across the intermediate diodes because one of the terminals of both the
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Voi1=Vpn Vo= VD(N-l)
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Fig. 3.5 Dickson charge pump and voltage waveforms across the diodes

leftmost and rightmost diodes is connected to the DC nodes (V;y and Voyr, respec-
tively). For this reason, the forward voltage drops across D; and Dy are the same
(Von1 = Von.n). For the other diodes, the forward voltage drop across them will be
the same (Vona = ... = Von — 1)- Thus, the DC output voltage of the DCP [8] is

Vour =Vin+ (N — 1)2Vp —2Von1 — (N — 2)V0N2, (311)

where N is the number of diodes.

To calculate the forward voltage across the diodes, Voy; and Vp,, we apply the
same method used to find (3.4). Because the average value of the diode current over
an oscillation cycle is equal to I, (see Eq. 3.2), the forward voltage drops Voy; and
Vonz across Dy and D, (Fig. 3.5) are calculated, respectively, by

0y % —2v
<1+I_L)T:/ e(#’f')dpr/ ol P)dt, (3.12)
- 0

Isar T

0 L _
<1+I—L)T_/ e(%)dt+/26(—V0N"2¢r4vp)dt, (3.13)
Isar I 0

resulting in
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[cosh (Vp/ng,)
Vv =Vp— In | —————], 3.14
ON1 p—ng,In 1+ 1/ Iar ( )
[ cosh (2Vp/ng,)
\% =2Vp — In | ——————|. 3.15
ON2 p—ng,In N ( )

Substituting (3.14) and (3.15) into (3.11) yields

cosh (Vp/ng,)
Vv =V 2np, In | ———F——=
our = Vix + 21y In [ L+ 11/ Isar

+ (N = 2)ng, In {W} . (3.16)

For the case of Vp/ng, > 1, Eq. (3.16) can be simplified to
Vour = Vv + ZVP(N — 1) — Nng, 1[12(1 +IL/ISAT)- (317)

The output voltage calculated with (3.16) is plotted in Fig. 3.6 as a function of the
normalized load current I;/Is47, with the number of stages as a parameter, for a peak-
to-peak input voltage equal to 180 mV. In this figure, V;y = 30 mV and
ng, =257 mV.

Fig. 3.6 Output voltage 161
(Vour) vs. the load current ’
normalized to the saturation 1415 N=9
current (I/fsap) (Nranges et
from 30 9, V;y = 30 mV L2F oo i
and Vp = 90 mV) 1L —7 ‘
Z’{\ 0.8 Lo
3 N=5
N 0.6
0.4+ N=3
0.2+
oL
103 102 10! 10° 10!

]L/ISAT
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3.2.2 Dickson Charge Pump Power Conversion Efficiency

The power conversion efficiency is defined as

Pour Pour
p— = . 3.18
Nconv PIN POUT+PLOSS ( )

Recalling that the voltage waveforms across D; and Dy differ from those across
the intermediate diodes (see Fig. 3.5), the power loss (P oss) of the DCP is given by

Pross = 2Pp1 + (N — 2)Ppa, (3.19)

where Pp; stands for the power losses of Dy and Dy, and Pp, represents the power
losses of the intermediate diodes. The detailed analysis provided in the Appendix
gives the following results for Pp; and Pp,

M} . (320)

Pp1 = (Isar + 1)V ptanh — Irng, In
p1 = (Isar +11)Vp (¢z> g, { A

2Vp cosh (2Vp/n¢t)}
P Igar + 1;)2Vptanh —1 In |[—————|. 3.21
p2 = (Isar +11.)2Vp ( ¢t> Lhe; { T+ 11 /Toar ( )

Because Poyr = Vour 11, the input power of an N-stage DCP can be calculated
using (3.20) and (3.21), yielding

Pi = I.Viy + (Isar + 1,)2V5p [tanh (2%’) (N —2) tanh (2‘;") ] (3.22)

The power conversion efficiency (PCE) of the N-stage DCP can be calculated as

Vi + 2ngp In [<SUH] 4 (N = 2)ngp In [0/

Vv + (1 n ’;{)2% {tanh (VT) + (N — 2) tanh (ZVP) }

Nconv = (3.23)

For the case of Vp/ng, > 1, and Vjy = 0, expression (3.23) can be written as

_N-1) - N in2(1 + 11 /Isar)
Nconv = (N—l)(l—l—%)

Figure 3.7 shows the theoretical PCE (3.23) as a function of the normalized load
current I;/Is47. As can be seen, the PCE is strongly dependent on the load current.

(3.24)
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Also, for a given I; and Vp, there is an optimum value for the diode saturation current
that maximizes the power conversion efficiency, which is given [8] by

Nng,
Vour”

]SAT,()pl =1 (325)

Expression (3.25) was derived assuming V;,y = 0 V. This is a reasonable
approximation, since in general Vjy < Voyr, and the contribution of Vi to the
output voltage, as given by expression (3.16), is generally low.

3.2.3 Dickson Charge Pump Input Resistance

In energy-harvesting applications, the DCP is generally connected to a ULV oscil-
lator to realize the voltage conversion, as shown in Fig. 3.8. In this configuration, the
input of the DCP loads the oscillator, affecting both the oscillation amplitude and the
converter output voltage. For the equivalent circuit of Fig. 3.8, the input resistance of
the DCP is given by.
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Vi

Ry =—F—.
IN PIN/2

(3.26)

Substituting (3.22) into (3.26) and disregarding the term related to the DC input
voltage (Vv = 0) yield

K= - : (3.27)
(Isar +11) {tanh (;%’) + (N —2) tanh (%) ]
For Vp/ng, > 1, we can simplify (3.27) to
Riv = - (3.28)

(Isar +1L)(N — 1)

The expressions for Voyr, PCE and Ry of the Dickson charge pump for a sine
wave signal are presented in Sect. 3.4.

3.3 The Voltage Multiplier

Voltage multipliers are useful AC-DC converters employed to boost the low voltage
levels provided by AC sources. A single stage of the basic half-wave multiplier,
known as voltage doubler, is shown in Fig. 3.9. Note that this circuit is composed of
a clamper circuit followed by a half-wave rectifier.

In steady state, the average current through the capacitors is null; thus, the
average current through the diodes is equal to the load current (I;). For identical
diodes, the output voltage of the circuit can be written as Voyr = 2Vp — 2Vpn. The
voltage drop Vou across the diodes can be calculated using a similar method to that
used for the derivation of (3.4), which allows the output voltage to be written as

Vs

Vo —

]
RRLC i g
V,
+ V0N¢’91’1—| — t
Vs I oy, +VONM L]
VD2
pe— VONT—| —

- -2VP+VONLJ_| LI

Fig. 3.9 Schematic of a single-stage voltage doubler and the voltage waveform across the devices
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- 4 - L
Fig. 3.10 Schematic of N-stage voltage multiplier
cosh (Vp/ng,)
V =2n¢,In | ———F—+|. 3.29
our = 2, n[ 14+ 1 /Isar (3.29)

Expression (3.29) can be extrapolated to the N-stage voltage multiplier shown in
Fig. 3.10 [4], yielding

cosh (Vp/ng,)
\%4 =2Nn¢, In | ———|, 3.30
our ng In [ 1+ 1 /Isar (3:30)

which, for Vp/ng, > 1, becomes

VOUT = 2N[Vp — n¢t In 2(1 =+ [L/ISAT)]:

3.3.1 Power Conversion Efficiency of the Voltage Multiplier

Because all diodes of the voltage multiplier have the same voltage waveform across
them (Fig. 3.9) and the average current through each diode is equal to I;, the power
loss in each diode (Pp) is the same. Thus, the power conversion efficiency of the
voltage multiplier is given by

_ Pour _ Poyr
Heonv = P Pour +2NPp° (3.31)

Following the procedure detailed in the Appendix, the power loss in each diode of
the voltage multiplier is given by

PD = (ISAT -|—IL)thanh (:—P) —ILngblln |:

cosh (Vp/ng,)
; 4} . (3.32)

1+ 1 /Isar



64

Fig. 3.11 Theoretical
power conversion efficiency
curves of the N-stage
voltage multiplier in terms
of IL/ISAT (Vp/mﬁ, isa
logarithmically spaced
vector ranging from 0.1 to
15)

Neony (Y0)

3 Rectifier Analysis for Ultra-Low-Voltage Operation

80
70
60 -
50 -
40
30 1
20 1
10 1

AVrng,

0 T T 1 T T
107 107 10° 10! 102
[L/ISAT

Therefore, using (3.30) and (3.32), nconv can be expressed as

Nconv = (

I v
1+ %) tanh (Tr/i)

neg,/Vp In {cosh (Vp/nqbt)}
L+1p/Isar |

10° 10*

(3.33)

Figure 3.11 presents the behavior of the 7,,,, values in terms of I;/Iga7 with Vp/
ng, as a parameter. As can be seen, for a given peak amplitude, there is an I;/Isar
value that maximizes the PCE. The best Is47 value is given [4] by (3.34).

2Nng,
Vour

Isatopr =11,

3.3.2 The Voltage Multiplier Input Resistance

(3.34)

The input resistance of the N-stage voltage multiplier represented in Fig. 3.12 is

expressed as

Ry

Ve Ve
Py Pour +2NPp’

The substitution of (3.32) into (3.35) yields

(3.35)
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Fig. 3.12 Equivalent

electrical circuit of the Oscillator Voltage Multiplier
voltage multiplier including 1%
the resistance seen by the our
oscillator
+
Vs Ry Iy
—i— - =
\%
Ry = & (3.36)

ON(Isar + 1) tanh (L;) '

The design equations of the voltage multiplier for a sine wave are shown in
Table 3.1.

3.3.3 Analysis of the Full-Wave Voltage Multiplier

The full-wave voltage multiplier shown in Fig. 3.13 is a variation of the half-wave
rectifier that can perform voltage conversion from complementary oscillatory sig-
nals. This useful variation provides symmetrical loading when connected to an
oscillator with complementary outputs, such as the cross-coupled oscillator and the
enhanced-swing cross-coupled oscillator analyzed in Chap. 2.

In this configuration, the average current through the diodes is equal to I;/2.
Therefore, following the same procedure adopted to find (3.4), we can express the
forward voltage drop across the diodes of Fig. 3.13 as

_ cosh (Vp/ne,)
VON = VP — n(i)l In [m} . (337)

Because Voyr = 2Vp — 2Voy, from (3.37), the output voltage of the single-stage
full-wave multiplier of Fig. 3.13 is given by

(3.38)

Vour = 2ng,In [cosh (Vp/ngb,)}

1 +IL/ZISAT

and the output voltage of a full-wave voltage multiplier with multiple stages,
obtained by the extrapolation of (3.38), can be expressed as
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Fig. 3.13 Schematic of the
single-stage full-wave
voltage multiplier

VOUT

T
-

-V 2 t oyl L 1
_ cosh (Vp/ng,)
Vour = 2Nn¢g, In [ T 120 | (3.39)

Expressions for the output voltage, efficiency, and input resistance of the full-
wave multiplier, considering sine wave signals at the input, are shown in Table 3.1.

3.4 The Equivalence Between Square and Sine-Wave
Signals

In the context of this study, where the converters are commonly connected to an LC
oscillator, it is convenient to adapt the models previously developed for square-wave
inputs for sine-wave inputs. Using the equivalence between square-wave signals of
magnitude Vp and sine-wave signals of amplitude V, demonstrated in [4], we have

Io(Va/ng,) — cosh (Vp/ng,) (3.40)
and

L(Va/nd) "

IO(VA/”K/)[) t h(VP/ ¢’t)’ (3'41)

where Iy(z) and I,(z) are the modified Bessel functions of the first kind of order zero
and one, respectively. Using (3.40) and (3.41), we can rewrite the equations derived
in this chapter for sine-wave signals, as summarized in Table 3.1, where v, = V,/ng,.
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Table 3.1 Main design expressions for the half-wave rectifier, DCP, half-wave voltage multiplier,
and full-wave voltage multiplier

Half-wave rectifier V, = 1o(va)
our ng, In [1+1, /1,{,/]
Nconvy = ng,/Va [ Io(va) ]
(H,L”> [M] In |\
I ) | To0a)
Riv = (CYR%E) N A0
Py, 2 Icu+1L) 1 (va)
Optimization | . opt =11 Vom
Dickson charge pum V, = Io(va 1o(2va
ge pump our Viv + 2n¢h, In [HO,LV/} ] (N — 2)ng, In [1 ;,L;,}m]
Ncony = Vint2nh,In [] jﬁz/l’t] +(N-2)ng, In []3(;/1),]
Vit (1t v, [ -2 e
RIN = (VA/\/E)Z Vi
P2 T } s
/ ATy t12) ["E\ZJ (N 2)2‘)‘321]
TP N
Optimization |7, .. =1, VZZ’;
Half-wave voltage V, = Lo(va)
wave voltag 2Nngy In [
multiplier
Nconv = 1 /Va [ To(va) ]
(th) [,I(m] In |
I Io(va)
Riv = Vav2)' e [
Pin T AN+ |[1i(ve)
TP N
Optimization |7, .. =1, VU’Z’:
Full-wave voltage Vour = IN [ Io(va) ]
ng, In
multiplier 4 L2l
Nconv = g /Va n [1 Jrl;) ;nzg ]
va L/ 2lsar
l+zlmr> ;[I)E"a;]
Ry = (V2 oy, Io(ve)
Pin/2 T 4Nl +1/2) |11 (va)

Appendix: Dickson Charge-Pump Diode Power Losses

The power dissipated in the leftmost and rightmost diodes are equal and can be given
by

5 5
Pp; = 1 Vpulpidt = 1 Voulsar (evnl/"¢’ - l)dt (342)
T r T | ¢

—z

For the voltage waveform of Vp presented in Fig. 3.5, (3.42) can be written as
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0
1 Yoni
Pp, =—/ V0N1[SAT(€ e —1>dl‘
T )

Yon1—=2Vp

0

T

Using (3.14), after some algebra, the value of Pp; can be rewritten as

\%
Pp = IL(V0N1 — Vp) + (Isar + 1)V p tanh (#) (3.44)
t

Finally, combining (3.14) with (3.44) results in the expression of the power loss

of D, given in (3.20).

To calculate the power dissipated in the intermediate diodes (Pp,), the same

procedure used to calculate Pp; can be followed for the voltage waveform across D,
in Fig. 3.5.
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Chapter 4 )
Rectifier Design Shex

4.1 Introduction to Application-Oriented Rectifier Design

Rectifiers are commonly employed in energy-harvesting converters to generate a DC
output voltage from AC signals of very low amplitude. Although rectifiers do not
have any startup requirements, the output voltage is not regulated, and the conver-
sion efficiency is a function of the amplitude of the input AC signals, which can be
very low in typical energy-harvesting applications. Due to these characteristics,
rectifiers are commonly used in conjunction with ultra-low-voltage (ULV) oscilla-
tors to realize an auxiliary DC-DC converter (cold starter) responsible for generating
a temporary Vpp (Vppcs) for the startup of the main converter in energy-harvesting
interfaces, as represented in Fig. 4.1 [1]. The main converter, which is usually an
inductive boost converter, can operate and provide high conversion efficiency even
at low input voltage levels, despite not being capable of self-start at low voltage
levels. Therefore, an auxiliary cold starter is an indispensable complement to the
main converter in a hybrid converter topology such as that shown in Fig. 4.1.

Another common application of rectifiers involves the AC-DC conversion of RF
signals of very low amplitude harvested from the environment by small form-factor
antennas. In such an application, a matching network is commonly inserted between
the antenna and the rectifier to match the impedance of the antenna and the rectifier,
as shown in the RF harvester of Fig. 4.2. Besides matching the rectifier and the
antenna impedances, a matching network can also provide passive voltage boosting
of the RF signals [2], making the AC-DC conversion more efficient.

In this chapter, we describe application-oriented design methodologies of the
rectifier for energy-harvesting converters. Section 4.1 provides experimental results
for DC-DC converters using ULV oscillators and rectifiers and validates the models
derived in the previous chapters. Section 4.2 presents the design methodologies for
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cold starters using a computer-aided routine. In Sect. 4.3, a design methodology for
RF energy harvesters that includes some results of Chap. 3 and the passive voltage
boosting of the matching network is presented.

4.2 DC-DC Converter Prototypes

In this section, we describe three DC-DC converter prototypes composed of the
enhanced-swing cross-coupled oscillator (ES-XCO) and the Dickson charge pump
(DCP). The goal of developing different prototypes is to demonstrate the feasibility
of the converter for extremely low voltages with different realizations. Also, we
show that the minimum V;y required to start up the circuit is strongly dependent on
the technology and, particularly, on the quality factor of the inductors.

The converters in this study should generate, from a very small DC input voltage,
a DC output of 1 V. The ES-XCO [3, 4] presented in Chap. 2, was chosen to provide
the AC signals required for the operation of the DCP. Diode-connected native
transistors with high drive capability or Schottky diodes were employed in the
prototypes.

The prototypes were experimentally characterized with the setup shown in
Fig. 4.3. The input voltage was emulated by the Keithley 2450 source meter,
which delivers an accurate voltage and measures the DC current. The output voltage
was measured using a high-impedance voltmeter. To emulate the load current, a
Keithley 6221 current source was employed.
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Fig. 4.3 Setup used to
characterize the cold-starter
converters

4.2.1 Off-the-Shelf Converter Prototype

To show the operation of DC-DC converters from extremely low voltages, a
prototype using off-the-shelf devices, apart from the transistors, was designed. The
schematic diagram of the circuit presented in [5] is shown in Fig. 4.4. Using native
transistors of the 130-nm technology with W/L = 1500 pm/420 nm for the ES-XCO,
off-the-shelf inductors, and Schottky diodes, the circuit started up from Vjy = 3.8 mV
while providing a DC output voltage of 150 mV. A photograph of the prototype
assembled with passive surface mount devices (SMDs) is shown in Fig. 4.4b. High-
QO inductors (L; and L,) were used to boost the oscillator output voltage. The
inductor parameters characterized at 600 kHz are L, = 9.5 pH; Q;; = 80;
L, =950 pH; and Q,, = 80.

The three-stage (N = 3) DCP was built using off-the-shelf Schottky diodes and
capacitances C = 2.2 nF. The values of the diode saturation current (Is47) and the
slope factor (n) were experimentally obtained as 90 nA and 1, respectively. The
converter output reaches 1 V for an oscillation amplitude of 300 mV and a load
current of 9 nA or, equivalently, 1;/Is = 0.1.

The transient characteristic of the converter is illustrated in Fig. 4.5a, for
Vin =25 mV and I; = 120 nA. The DC output voltage is around 2.2 V. Figure 4.5b
shows the waveforms of the converter for V;y = 11 mV and I; = 10 nA. The DC
output voltage is around 1 V. Due to the loading of the oscillator output nodes by the
oscilloscope probe, the results shown in Fig. 4.5 deviate slightly from those shown in
Fig. 4.6.

Figure 4.6 presents the converter output voltage (Voyr), output power (Poyr),
and power conversion efficiency (7conv) as a function of the input voltage (V). In
the graphs, the data were obtained experimentally using the prototype shown in
Fig. 4.4b, for load currents ranging from 10 nA to 8 pA. It can be observed that the
converter can reach Voyr =1V at Vjy = 10 mV and I; = 100 nA. For the case in
which the load current is 1 pA, the capability to drive a load of 1 pW is reached for
Vin =25 mV.
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Fig. 4.4 (a) Schematic diagram and (b) photograph of the cold-starter converter prototype assem-
bled with native transistors of the 130-nm CMOS process and off-the-shelf inductors

4.2.2 A Wire-Bonded Converter Prototype

To increase the output power capability and the conversion efficiency of the circuit
shown in Fig. 4.4a, aiming at a startup voltage lower than the thermal voltage k7/g, a
second DC-DC converter was designed [6]. Using an integrated DCP and external
inductors with quality factors of around 60, the prototype started up for V,y = 16 mV
and a load current of 10 nA. To reduce the losses associated with the connections
between the chip and the external inductors and decrease the minimum startup
voltage, the chip was directly wire-bonded to the board substrate. Figure 4.7 presents
a photograph of the board employed to test the chip. The areas of inductors L; and L,
are 2.5 mm X 2 mm and 3.4 mm x 1.6 mm, respectively.

The schematic diagram of the wire-bonded converter is shown in Fig. 4.8. For an
ES-XCO with an inductive ratio (K;, = L,/L;) of around 3 (L, = 220 nH, L, = 595
nH, O = 60 at 50 MHz), the aspect ratio of the native transistor was chosen as
400 x 5 pm/0.42 pm. After the oscillator parameters had been obtained, the DCP
parameters were determined. Based on the specifications of Voyr=1VandI; =1 pA
and employing Eq. (3.16) for the output voltage and Eq. (3.25) for the maximum
power conversion efficiency, the number of stages NV and the load current normalized
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by the I,/ ratio selected were around 11 and 2.5, respectively. After some tuning
through simulation, the requirements for the output voltage and load current were
achieved using diode-connected native transistors for the DCP, with W/L = 4.2 pm/
0.42 pm, which results in a diode saturation current Ig47 = 550 nA.

The transient of the circuit startup for V;y = 40 mV and I; = 3 pA is shown in
Fig. 4.9a. It can be observed that the circuit takes less than 2 ms to stabilize at around
Vour = 1.1 V. The voltages at the two complementary oscillator outputs and at the
converter output for V;y = 30 mV and I, = 1 pA are shown in Fig. 4.9b. Due to the
oscilloscope probe impedance, the results shown in Fig. 4.9 deviate slightly from
those shown in Fig. 4.10.

For the prototype shown in Fig. 4.7, the experimental curves for Vo7, Poyr, and
conversion efficiency as a function of the supply voltage are shown in Fig. 4.10.
Note that the circuit starts up for V;y = 16 mV at I, = 10 nA. The condition I; = 1 pA
and Voyr = 1 V is obtained at V;y = 23 mV, while with V;y = 37.7 mV, the circuit
can supply a load current of 5 pA at Vo7 = 1 V. Due to the low amplitude of the
oscillatory signals provided by the oscillator in this prototype, the converter effi-
ciency is limited to around 10% for an output voltage of 1 V. The peak efficiency is
obtained for I; = 4 pA, corresponding to I;/Isy7 = 7.3.
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Fig. 4.6 Experimental values of (a) output voltage, (b) output power, and (¢) power conversion
efficiency of the off-the-shelf converter for load currents ranging from 10 nA to 8 pA, as a function

of the input voltage
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Fig. 4.7 Photograph of the wire-bonded prototype
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Fig. 4.8 Schematic diagram of the wire-bonded prototype

4.2.3 A Fully Integrated Prototype

The fully integrated cold-starter converter shown in Fig. 4.8 was designed [7] in a
130-nm CMOS technology. The main design goal was to reach the output specifi-
cation (Voyr =1 V and I; = 1 pA) with the minimum input DC voltage.

In the case of the ES-XCO design, the inductors were chosen for an inductive
ratio (K; = Ly/L,) of around 3.5. Both inductors have a quality factor Q of around
8 at 500 MHz, which is close to the maximum value achievable for the specified
frequency in the technology under consideration. After some tuning through simu-
lation, a W/L ratio of 500 pm/0.42 pm for the oscillator transistors was found to reach
the minimum startup voltage.

The micrograph of the chip containing the fully integrated design integrated in a
130-nm CMOS technology is shown in Fig. 4.11. Wide metal lines were used to
reduce the ohmic losses. Along with the converter, a voltage buffer was
implemented to measure the oscillator outputs, and a voltage limiter was included
to protect the diodes of the converter.

For the fully integrated prototype, the dependence of Voyr, Poyr, and power
conversion efficiency on the input voltage was experimentally determined for load
currents ranging from 10 nA to 5 pA, as shown in Fig. 4.12. Operating at a frequency
of around 550 MHz, the fully integrated prototype can start up from V;y = 73 mV,
generating around 400 mV at the output. The target specification of 1 V of output
voltage and 1 pA of load current is obtained at V;y = 86 mV. The integrated step-up
converter can supply 5 pW at the output for an input voltage of around 108 mV.

4.3 Design Methodology for Cold Starters

The DC-DC converters described in the previous section provide peak efficiencies
much lower than those of switched inductor converters, limiting their application as
an efficient main converter. The efficiency is not an essential parameter of a cold
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Fig.4.9 Oscilloscope waveforms of the wire-bonded DC-DC converter: (a) startup for V;y =40 mV
and I; = 3 pA and (b) steady-state operation for V;y =30 mV and [, = 1 pA

starter because its main objective is to self-start at ultra-low-input voltages, provid-
ing the startup of the main converter. Therefore, due to the ability to self-start at
ultra-low voltages without additional requirements, a structure comprised of a ULV
oscillator and a rectifier is commonly adopted as a cold starter in an energy-
harvesting interface [1, 8, 9].
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Fig. 4.10 Experimental results for the wire-bonded converter: (a) DC output voltage, (b) output
power, and (c) power conversion efficiency as a function of the supply voltage. (d) Power

conversion efficiency as a function of I, for Voyr =1V

In this section, we describe a design methodology for fully-on-chip cold starters
where the expressions of the minimum input voltage of ULV oscillators derived in
Chap. 2 and the expressions of the rectifiers provided in Chap. 3 are exploited to

reduce the startup voltage of the main converter.

4.3.1 Selecting the Oscillator

Ultra-low-voltage LC oscillators such as those analyzed in Chap. 2 are employed in
cold starters to generate AC voltage levels much higher than the DC voltage
delivered by the transducer. To choose an appropriate LC oscillator topology for a
cold starter, in this section we compare the performances of the cross-coupled
oscillator (XCO) and the enhanced swing XCO (ES-XCO) considering both the
inductor quality factor (Q) and the load imposed by the rectifier. Using the simplified
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small-signal equivalent circuits of a single stage of the XCO (Fig. 2.3) and the
ES-XCO (Fig. 2.8), assuming weak inversion operation, a load equal to G, at each
oscillator output, and a slope factor n = 1, the minimum V}y for achieving oscilla-
tions with the XCO and with the ES-XCO are approximated by (4.1) and (4.2),
respectively

VIN, min = ¢, In {2 + GZQi’};CO]s (4.1)
G
VN, min = ¢, In {1 1 ‘:KL + Ei)’EZXCO} (4.2)

where
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Fig. 4.12 Experimental values of (a) output voltage, (b) output power, and (¢) power conversion
efficiency of the fully integrated converter for a load current ranging from 10 nA to 5 pA as a
function of the input voltage

Cr
7
Groxco = 0 + Go, (4.3)
and
Cr
L,
GEg Esxco = 0 + VKL(1+K) + Go(1 +Kp). (4.4)

In weak inversion, with the aid of (1.10) and (1.15), we can approximate g,, ~ Ix/
¢,. Thus, Fig. 4.13 shows the minimum V;y obtained with the XCO and with the
ES-XCO for different values of K; = L,/L; using (4.1), (4.2), (4.3) and (4.4).
Practical values for the maximum L and Q available in the 180-nm technology are
assumed in Fig. 4.13. To plot the curves, Crand Iy were determined by the extracted
parameters of the transistor of the oscillator, which is explained in Sect. 4.3.2.
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Although the adoption of the ES-XCO with off-chip inductors of high-Q can
provide ultra-low startup voltages [1], in this simulation, the XCO provides better
results due to the low Q and limited L of on-chip inductors in the 180-nm technol-
ogy; thus, the XCO was the preferred choice over the ES-XCO for the realization of
the ULV oscillator.

4.3.2 Cold-Starter Design

In the cold-starter design, many degrees of freedom need to be considered due to the
various parameters involved in the design of inductors, and transistors, along with
the type of rectifier, number of stages, and size of the rectifier devices. Due to both
the mutual dependence between oscillation amplitude and rectifier input resistance,
and the lack of an analytical expression for the oscillation amplitude, we developed
an algorithm to calculate the time domain response of the cold starter. Using this
algorithm, we generate a plot of the converter output voltage as a function of both the
number of stages and Ig47, enabling the sizing of the rectifier devices [10].

The voltage and current at the cold-starter output (Vppcs and Icg indicated in
Fig. 4.1) should be specified to provide the proper powering of the control circuit of
the main converter, enabling its startup. For the converter described in Chap. 6
[1, 111, Vppes = 0.5 V and I~ = 100 nA fulfill the conditions for the main converter
startup.

The design procedure of a completely on-chip cold starter is shown in the
flowchart of Fig. 4.14. Initially, the inductor and transistor parameters of the XCO
can be determined through simulation using a resistive load connected at the
oscillator outputs. This resistive load should be iteratively adjusted to dissipate the
specified output power multiplied by a factor kz higher than the unity to account for
the rectifier losses (kg X Vppcs X Ics). A factor of two, which emulates a rectifier
with 50% efficiency, would be a good starting point.
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The value of the transistor aspect ratio should be chosen to minimize the Vygg
required to obtain the specified output specification (Vppcs, Ics); therefore, several
combinations of inductors and transistors are evaluated by parametrical analysis to
choose the values of inductance and transistor width that minimize the input voltage
required for achieving oscillations. After the determination of the inductor and
transistor of the oscillator, the main parameters of the chosen inductor and the
transistor are extracted by the EDA tool. These parameters are introduced into the
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Fig. 4.15 Schematic of the Transducer
circuit used for the
optimization routine
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optimization routine, which calculates the time domain response of the circuit in
Fig. 4.15 and the amplitude of oscillation. For this, the KCL is applied to the four
circuit nodes (N_4), with the capacitors, inductors, and resistors represented by their
current-voltage linear relationships. The transistor drain current is calculated using
the model provided in Chap. 1.

Once the values of the DC voltage Vg, the inductance, and the transistor
channel length and width have been determined for the oscillator, the optimization
routine is started. To initiate the routine, we set an arbitrary value of Ry (G ') and a
value of Vg lower than the one obtained in the previous step, when a resistive load
was connected to the oscillator output. We calculate the oscillation amplitude V, for
a given pair (N, Is47). Based on the V, value obtained, a new R,y value is calculated
using the expression of R,y for the type of rectifier employed (Table 3.1). With the
new value of Ry, the system recalculates and updates the oscillator amplitude (V).
This cycle should be repeated until V, and R;y reach convergence within
pre-specified limits, allowing Vppcs to be calculated for the given N and Ig47. This
procedure should then be repeated for other values of N and Ig47, covering the
specified design space. If no N-Ig4r pair meets the output specification, Vygg is
increased, and the routine is repeated until an N-Ig47 pair successfully meets the
specification.

Using this methodology, we calculate the minimum voltage that delivers the
specified output characteristics (Vppcs = 500 mV and I = 100 nA). The output
voltage of the DCP and the full-wave voltage multiplier as a function of N and Is47
are shown in Figs. 4.16 and 4.17, respectively, in the form of level curves [10]. The
output level curves are plotted for Vg = 46.5 mV for the DCP and V7gg = 49 mV
for the voltage multiplier. The target specification can be fulfilled using a DCP with
34 to 70 stages and diodes with I, ranging from 300 to 640 nA (N and Ig47 points
inside the level curve for Vppes = 500 mV).

4.4 Design Methodology for RF Energy Harvesters

In a typical RF energy-harvesting application, an antenna collects the RF signal of
very low power, which is converted into a DC voltage by rectifiers [2, 12, 13]. Due to
the difference between the antenna impedance and the input impedance of the
rectifier, a matching network is adopted (Fig. 4.2) to avoid the reflection of power,
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Fig. 4.18 Simplified electrical equivalent circuit of the RF energy harvester comprised of an
antenna, an L matching network, and a rectifier

thus, maximizing the power transfer. Another benefit of the matching network can be
a voltage boosting, which increases the amplitude of the signal at the rectifier input,
thus providing a more efficient operation of the rectifier.

A simplified electrical equivalent circuit of the RF energy-harvesting conversion
chain is presented in Fig. 4.18, where Vi, Rg, and Lg are the source (antenna) open-
circuit voltage, internal resistance, and inductance, respectively.
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4.4.1 Matching-Network Gain

To maximize the power transfer from the antenna to the rectifier, the matching
network input impedance should be equal to the complex conjugate of the source
impedance, and the output impedance of the matching network should be equal to
the complex conjugate of the load impedance (rectifier). For details about the design
of the matching network, the reader is referred to [14].

Assuming that these requirements are fulfilled and that matching network is
lossless, all the power collected by the antenna is delivered to the rectifier, and the
gain of the matching network can be expressed as [2]

Va Ry
Ay =12 =\ (4.5)
2

The voltage provided by the antenna and the voltage at the input of the rectifier
are given, respectively, by

VS:\/SXRsprV (46)

VA = VRINPAV (47)

Therefore, the matching network can ideally provide passive voltage boosting
(2V4 > Vi) when Ry > 2Rj. In this section, we assume an ideal matching network to
simplify the analysis. It is important to note that further losses in a non-ideal
matching network will reduce the voltage calculated using (4.7).

4.4.2 Design Optimization

The design of an energy harvester commonly targets the maximization of both the
conversion efficiency and the output voltage, a wide range of input power, and high
sensitivity. The designer has many degrees of freedom to consider in the configura-
tion of the harvester, such as the type of rectifier and matching network, number of
stages, and sizes of devices. In this section, we initially employ the full-wave voltage
multiplier for the harvester, although any type of rectifier can be designed following
the same approach. As previously detailed in Chap. 3, the output voltage, conversion
efficiency, and input resistance of the full-wave voltage multiplier are given, respec-
tively, by
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Using expressions (4.7), (4.8), (4.9), and (4.10), a design methodology for RF
energy harvesters similar to those presented in [2, 15] can be employed to optimize
the rectifier. In this methodology, the design space (I, Isa7) should be evaluated to
find the optimum values of N and Ig47 for a given specification. Assuming all the
available power is delivered at the input of the rectifier, we combine (4.7) and (4.10),
yielding

Pay = (4.11)

NVAQ2Igar + 1) [11 (va)]
2 In(va)|
Due to the difficulty in obtaining an expression for V, as an explicit function of
P4y, we solve (4.11) numerically using a computer-aided optimization method to
find the solution of V, for a given P,y, enabling the optimization of the rectifier for
maximum sensitivity, output voltage, or conversion efficiency. The design method-
ology provides a set of N and Ig47 design points that comply with the specification.

4.4.2.1 Maximizing Sensitivity

The sensitivity of the RF energy harvester is defined as the minimum level of
available power that can fulfill the output specification (Voyr, I). Following the
flowchart given in Fig. 4.19, the sensitivity of the rectifier can be maximized. This
optimization procedure specifies the load current and the output voltage. To maxi-
mize the sensitivity, N and Is,7 pairs that meet the specification for the lowest P4y
should be chosen. Therefore, for a given level of P4y, (4.11) should be solved
numerically to find the value of V, for each N-Ig47 pair of the design space. With
the values obtained for V,, Vyyr is calculated using (4.8). If any pair successfully
meets the specification of Vyyr and I, the value of P4y can be decreased, and the
process can be repeated for lower levels of Pyy.

Using this design methodology, the level curves showing the N-Igs7 pairs that
meet the output specification for different levels of P4y are shown in Fig. 4.20 for the
full-wave voltage multiplier. The same procedure is also repeated for the Dickson
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Fig. 4.19 Flowchart detailing the optimization procedure to maximize sensitivity

Fig. 4.20 Level curves for
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charge pump using the expressions derived in Chap. 3, with the corresponding
results given in Fig. 4.21. It can be noted that for the specifications of Voyr =1V
and I; = 1 pA, an N-Ig,7 pair enclosed by the level curve of P4y = —28 dBm should
be chosen to maximize the sensitivity of a full-wave voltage multiplier or the DCP.
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Fig. 4.21 Level curves for 40
P,y for the specification of
Vour=1VandI; =1pA 351
using the DCP
304
251
> 5
204
15
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54

Isr (A)

After choosing the N-Is, 7 pair, the input resistance can be calculated using (4.10),
enabling the design of the matching network. However, the input resistance of the
rectifier is a (nonlinear) function of the dynamic variables /; and V,. Therefore, the
system is only matched for the specified values of /; and V, and operates slightly
unmatched for different operational conditions. In such cases, the reflected power
will decrease the power transfer to the rectifier, thus decreasing the harvesting
efficiency.

4.4.2.2 Maximizing the Output Voltage and Efficiency

The output voltage and conversion efficiency of the rectifier can be maximized
following the steps shown in the flowchart given in Fig. 4.22. In this optimization
procedure, the load current and the available power are specified, and (4.11) should
be solved numerically to find the value of V, for each N-Ig,7 pair of the design space.
The Vo7 and neony values are then calculated with the results obtained for V4 using
(4.8) and (4.9), respectively.

The level curves for Voyr/hcony are shown in Fig. 4.23, for the full-wave voltage
multiplier. The same procedure is repeated for the Dickson charge pump using the
expressions derived in Chap. 3, with the results presented in Fig. 4.24. Note that for
the specifications of P4y = —27 dBm and I; = 1 pA, both the full-wave voltage
multiplier and the DCP can deliver around 1.4 V at the output with a peak efficiency
of 70%.
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Fig. 4.22 Flowchart
detailing the optimization
procedure to maximize the
output voltage and
efficiency
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Chapter 5 )
Analysis of the Inductive Boost Converter e
for Ultra-Low-Voltage Operation

5.1 Introduction to Inductive Boost Converters

Inductive boost converters are commonly used for DC-DC conversion in energy-
harvesting applications. The converter employed in such applications needs to cope
with the restricted levels of available power and ultra-low input voltages delivered
by conventional transducers and to provide efficient voltage conversion. The fulfill-
ment of these requirements makes the inductive boost converter a feasible choice for
energy-harvesting interfaces, because it can provide high conversion efficiency
under a wide range of input voltages and regulate the output voltage. Nevertheless,
inductive boost converters suffer from drawbacks such as the need for external
off-chip components and auxiliary circuits to provide low-voltage startup.

5.2 The Converter Conduction Mode

A simplified architecture of an inductive boost converter is presented in Fig. 5.1. The
conventional inductive boost converter is comprised of an inductor (L), an output
capacitor (Coyr), and two switches, namely, the low-side switch (LSS) and the high-
side switch (HSS), employed to control the charging and discharging phases of the
inductor, respectively.

Inductive boost converters can be operated in either continuous conduction mode
(CCM) or discontinuous conduction mode (DCM). In CCM, the inductor current is
always greater than zero. Under steady-state operation, each period (T) of the
converter is divided into two phases, as shown in Fig. 5.2, with
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Fig. 5.1 Simplified
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Fig. 5.2 Inductor current for the (a) CCM and (b) DCM operation
ton = DT, (5 . 1)
torr = D'T. (52)

During the charging phase (¢py), the LSS is closed and the HSS is open. Thus, the
inductor is charged by the input voltage source (Vy), while the load current is
supplied by the capacitor. During the discharging phase (¢#orr), the LSS is open and
the HSS is closed; therefore, a fraction of the inductor energy is used to both supply
the load and recharge the capacitor. In CCM, the inductor continuously alternates
between the charging and discharging phases. In DCM operation (Fig. 5.2b), there is
an additional idle phase (¢p), when both switches are open, and the inductor current
is equal to zero.

tp =D'T. (5.3)
To compare the efficiency of DCM with CCM, we analyze the inductor charging

efficiency [1] using the circuit shown in Fig. 5.3. In this configuration, the inductor
voltage and current, respectively, are given by

vi(t) = (Vs — Riy(0))e ", (5.4)
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Fig. 5.3 Circuit used for R
the analysis of the inductor i +
charging efficiency L
VS VL
. VS . VS R
in(r) =2+ (IL(O) —?)e 03 (5.5)

where Vg is the power supply voltage, L is the inductance, and R is the total path
resistance.

For any given charging time, the inductor charging efficiency can be written as
the ratio between the energy transferred to the inductor (E;) and the energy delivered
by the power supply (Es):

(1) = 28 : (5.6)
where
Bt = [ Voo = [+ (00 ) ar (57)
and

EL(r) = /0 t [(vs — Riv(0))e ] [% 2 (Vs — Rig(0)e” ar. (5.8)

Using (5.6), the inductor charging efficiency is plotted as a function of the
normalized i;(0) for different normalized charging times (¢R/L) in Fig. 5.4.

As can be seen, for fixed circuit parameters, low values of i;(0) provide higher
efficiencies. Thus, the charging of the inductor starting at i;(0) = O is always the
point of highest efficiency. Therefore, the DCM has an intrinsic advantage over
CCM for maximizing the energy transfer from the source to the inductor. An
additional benefit of DCM operation is the maximization of the extraction of the
available power by means of a simple relation between the switching frequency and
the inductance, as will be explained later in this chapter. Hence, the DCM operation
of the inductive boost converter is a common solution for DC-DC conversion for
energy-harvesting applications.
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Fig. 5.5 Equivalent circuit of the inductive boost converter during (a) toy, (b) torr, and (c) tp

5.3 The Ideal Boost Converter in Discontinuous
Conduction Mode

For a first-order analysis, let us assume that the power supply is modeled as an ideal
voltage source and a lossless inductor. During the inductor charging phase, the
circuit shown in Fig. 5.1 is equivalent to that presented in Fig. 5.5a. During this
phase, the inductor is charged by the input voltage, and the output capacitor delivers
the load current. The inductor current is given [2] by

(5.9)

thus, the peak inductor current is given by
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|4 Vv
ILP:%I‘ON :%DT (510)

During the discharging phase (Fig. 5.5b), the inductor energy is transferred to
both the output capacitor and the load. The inductor current is given by

. \% \%4 -V
in(t) = oy + (w) (ton — 1). (5.11)

During the idle phase, the circuit reduces to that shown in Fig. 5.5¢, and iz () = 0.
Hence, using (5.9) and (5.11), the average inductor current for a full conversion
period (7) is given by

s ILp(ton +torr)  VinDT(D +D')
L= 2T - 2L ‘

(5.12)

Applying the charge balance to the lossless output capacitor, the total charge
delivered by the inductor during the inductor discharging phase is consumed in the
load over period T. Therefore,

_ Iiptorr  ViyDD'T

Tovr =52 5 (5.13)

5.4 The Ideal Gain Factor

The voltage gain, or the gain factor, of the boost converter is

m = Your (5.14)
Viv

Applying the volt-second balance for the lossless inductor yields

T
/ v ()dt = Vinton + (Vin — Vour)(torr) = 0. (5.15)
0
Hence,
Vour ton D
M=tOU_jfov g 2 5.16
Vin torF D' (5.16)

Substituting D’ given by (5.13) into (5.16), we obtain an expression for the gain
factor of the boost converter in DCM as follows:
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D*TVy D*Viy
M=1+ = — 5.17
2LIour 2Lfswlour (5.17)
where fgy = 1/T. For low-voltage energy-harvesting applications in which

Vin < Vour, we approximate (5.17) by

D*V iy

M~ —
2LfSW10UT

IR

(5.18)

5.5 Efficiency in Energy-Harvesting Boost Converters

Let us now define the extraction, conversion, and end-to-end efficiencies of a typical
energy-chain using the boost converter shown in Fig. 5.6. A resistance was included
in series with the voltage supply to model an energy source with limited available
power.

The available power is the maximum power that can be extracted from the
energy-harvesting transducer. For transducers modeled by a voltage source in series
with an internal resistance, e.g., a thermoelectric generator (TEG), the available
power is given by

V3

Pyy = 4RS.

(5.19)

The extraction efficiency indicates how efficiently the available power is deliv-
ered to the converter. It is defined as the ratio of the converter input power (P;y) to
the available power

P
NEXTR = _PIN . (5.20)
AV

The conversion efficiency, which is a common figure of merit for voltage
converters, is defined as the ratio of the converter output power (Poyr) to the
converter input power

Fig. 5.6 Simplified energy- P Pour
harvesting conversion chain —>
R + +
Vs Viv{ CONVERTER ¥ our Iour
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P
Nconv = %- (5-21)

From (5.20) and (5.21), the end-to-end efficiency can be calculated as

Pour
NEnD-TO-END = NEXTRMCONV = Pav (5.22)
AV

The end-to-end efficiency is a useful figure of merit of an energy harvester since it
represents the fraction of the available power that is delivered to the load.

5.6 Extraction Efficiency of Ultra-Low-Voltage Boost
Converters

Usually, the available power of energy-harvesting transducers is very low. Hence,
the converter should be designed to exploit, as much as possible, the available
power. The maximization of the extraction efficiency is an important requirement
of an energy-harvesting converter, since it increases the range of applications that
can be powered.

To maximize the extraction efficiency, the conventional circuit of the inductive
boost converter needs to be modified and some design parameters properly set to
allow the maximum power transfer from the transducer to the converter.

5.6.1 Harvesting from Known Available Power

If the open circuit voltage (V) is constant in the circuit of Fig. 5.7, the input power of
the converter is

P =7 [ pue(0dt = [ Vs = Reis()i ) (5.23)

Fig. 5.7 Conventional R
inductive boost converter
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Since the power supply current is equal to the inductor current, using expressions
(5.9), (5.10), (5.11), and (5.23), we obtain

ton + 1, Vsl 5
Py = (ozv . OFF) ( SzLP _ Rs%)- (5.24)

The substitution of (5.24) into (5.20) yields

2
(fON‘;IUFF) (VSZILP — Ry IL?P>
’/IeXtr = VSZ * (5.25)
R

The peak inductor current (I p) that delivers the maximum extraction efficiency,
calculated for 07,/ 01, p = 0, gives

3V
Ipmax =7 R_j (5.26)

Substituting (5.26) into (5.25) yields

Newr = (W#) G) (5.27)

Therefore, when the dead time is zero (tp = 0 — toy + torr = T), the circuit in
Fig. 5.7 reaches the maximum extraction efficiency of 75%.

5.6.1.1 Insertion of an Input Capacitor

With the inclusion of an input capacitor (Cyy), as shown in Fig. 5.8, the input ripple
caused by the inductor current through Rg can be made negligible and the extraction
of power maximized. In general, Cyy is a high-value off-chip capacitance due to the
requirements of ripple and frequency.

Fig. 5.8 In(.iuctlve .boost Ry i L
converter using an input — o . o -
capacitor Ips tav) + HSS icour | t

V. v, T~ v
s cr IN LSS Cou;\ our
_ lour B




5.6 Extraction Efficiency of Ultra-Low-Voltage Boost Converters 99

In this configuration, the supply current can be assumed to be constant (/pg) and
equal to the average inductor current. Therefore, the extraction efficiency is given by

2
Vslip(ton+torr) Rg 17 p(ton+torr)

2 2
NexTR = L V2 A : (5.28)
T

The peak inductor current that leads to maximum efficiency is

VsT
Irpmax = Rs( > (5.29)

ton + torr)

Substituting (5.29) into (5.28) gives a maximum extraction efficiency of 100%.
Therefore, an input capacitor can be used for the maximization of the extraction
efficiency. Section 5.8 provides expressions for calculating the value of the input
capacitor for a specified input ripple.

5.6.2 Maximum Power Point Tracking

Maximum power point tracking (MPPT) techniques are employed in boost con-
verters to ensure that the available power is delivered at the input of the converter.
The control of the peak current according to (5.29) requires a complex circuit
solution; hence, the most common approaches for the maximization of the extraction
efficiency are the proper regulation of the input impedance of the converter [3, 4] or
control of the converter input voltage level [5].

5.6.2.1 Converter Input Impedance

For energy-harvesting transducers modeled by a voltage supply in series with an
internal resistance, a feasible solution to perform the MPPT is to match the input
impedance of the converter to the internal resistance of the power supply (R;y = Rg).
Under this condition, we have

v
Viy = 75 (5.30)

In this case, the input impedance of the converter is given by

Vi

IN —K, (5.31)



100 5 Analysis of the Inductive Boost Converter for Ultra-Low-Voltage Operation

The supply current is equal to the average inductor current, and thus, for a high
gain factor (fon > torr), the supply current calculated using (5.9) is

_Ip_ VinD?
Ips = 2 D_2Lfsw' (5.32)
Hence, (5.31) can be rewritten as
Ry = M (5.33)

To track the maximum power point, R;y must be equal to Rg. Thus, (5.33) can be
rewritten as

D’R
Lfgy = TS : (5.34)

Therefore, to track the maximum power point, the converter should be designed
to set the Lfsy product as given by (5.34). In a typical case where the series resistance
of the energy-harvesting transducer is nearly constant over a specified range of Py,
setting the design parameters to comply with (5.34) is a feasible way to carry out the
MPPT. It should be noted that, under the condition of MPPT, the gain factor (5.18)

reduces to
| Vour
M = . 5.35
TourRs ( )

5.6.2.2 Controlling the Converter Input Voltage

Besides setting fixed design parameters L and fgy to comply with (5.34), another
approach for the realization of MPPT is the use of control circuits that adjust the
input voltage to one-half of the transducer open-circuit voltage. This can be achieved
by controlling D and/or fsy dynamically. This method requires the periodic discon-
nection of the power supply for the measurement of the open-circuit voltage and
comparison with the input voltage. Based on the result obtained, D and/or fs can be
controlled to ensure the MPPT. This approach provides a more precise MPPT with
the drawback of the additional consumption of the control circuit used for this
purpose, as well as an increase in circuit complexity.
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Fig. 5.9 Simplified inductive boost converter in CMOS technology

5.7 Conversion Efficiency

A simplified representation of the inductive boost converter implemented in the
CMOS technology is shown in Fig. 5.9. The LSS and the HSS are commonly
realized by NMOS and PMOS transistors, respectively, controlled by an on-chip
circuit. Signals vg ;55 and vg yss control the opening and closing of the LSS and HSS
for the charging, discharging, and idle phases.

For the circuit shown in Fig. 5.9, the conversion efficiency is given by

Py —P
Neoy = ——5 2% PINLOSS, (5.36)

where P;oss is the total of the converter losses. The conversion efficiency is
dependent on design parameters, such as the boost switches sizes, the frequency of
operation, and the duty cycle. There are optimal values for the design parameters that
minimize the converter losses. In the following subsections, we analyze the relevant
sources of losses of the inductive boost converter under low-voltage operation,
namely, the conduction losses (Pconp), the dynamic losses (Ppyy), the leakage
losses (Prrax), and the power consumption of the control block (Pc7;), as shown
in (5.37).

Pross = Pconp + Preak + Ppyn + Perr. (5.37)

5.7.1 Conduction Losses

The conduction losses are due to ohmic losses in the switches, inductor, and metal
tracks. Figure 5.10 shows the equivalent circuit of the boost converter including the
main parasitic resistances during foy (top) and zogr (bottom). The idle phase is not
represented because the inductor current is zero during this phase.
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Fig. 5.10 Equivalent circuit
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Using the equivalent circuits shown in Fig. 5.10, we can simplify the total
conduction losses as

Pconp ~ Pcr + Pciss + Pcrsss (5.38)

where P is the conduction loss in the equivalent series resistance (R;) of the
inductor, Pcygs is the conduction loss in the LSS resistance (R;gs), and Pcygs is the
conduction loss in the HSS resistance (Ryss). Assuming that ¢y and #opr are much
shorter than the time constant L/(R; + R;ss), we use the time domain expressions of
the ideal boost converter to approximate

T 2 /

R; 1 D+ D

Po =k / Rui(0)%dt ~ % (5.39)
0

The substitution of (5.10) into (5.39) and the assumptions that the Lfsy product
complies with (5.34) and the converter operates under high gain give

2vV2  RiViy
3 VRSLfsw
Using the same method employed to calculate the conduction losses in the

inductor series resistance, we obtain the conduction losses in the switches and
rewrite (5.38) as

Pcp =~ (5.40)

2\/§ V%N (RL RS,LSSLLSS RS,HSSLHSSV]N) . (541)

P N
COND ™= 737 R°Lf Wiss WhssVour

Liyss and Wiy ss are the channel length and width, respectively, of the low
(high) side switch. The sheet resistances of the switches (Rs 1.)ss) can be calculated
using the MOSFET model [6] in strong inversion presented in Chap. 1. Assuming
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that the logic-low and logic-high control signals applied to the gates (v 1ss and vg,
uss) of the LSS and HSS are, respectively, zero and Voyr, we have

1
iy Cox(Vour — [Vronsp)|)

Rs 1(m)ss = (5.42)

where 1, ;) is the electron (hole) mobility, C,, is the gate oxide capacitance per unit
area, and Vyy () is the equilibrium threshold voltage of the N(P)MOS device used
for the switch.

5.7.2 Leakage Losses

The leakage losses are due to the leakage currents in MOS switches when they are
open. The leakage currents are represented in the equivalent circuits of Fig. 5.11.

Ry Vvt Vi — 0

Vs
C”TI

Fig. 5.11 Simplified equivalent circuit of the inductive boost converter during 7oy (top), forr
(middle), and 5 (bottom) including the leakage paths of the MOS switches
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The total leakage losses are given by the sum of the leakage losses in the LSS
(Pyrss) and in the HSS (P; gss) during the three phases of operation. Assuming high-
gain operation and that the transistors are in saturation, we approximate the leakage
losses by

w w
Preak = Pruss + Priss = Ixgn # Vin + Ixop Toee 5y our (5.43)
LSS HSS

Ixo nip) in (5.43), which is calculated from the extrapolated saturation current ()
[6] defined in Chap. 1, is given by

‘ V0.n(p)

Ixon(p) = Hu(pnCoxie'e (5.44)

where 7 is the slope factor, and ¢, is the thermal voltage.

5.7.3 Dynamic Losses

The dynamic losses are due to the charging and discharging of capacitive nodes. The
most relevant nodes for the dynamic losses are the gates of the LSS and HSS and the
parasitic capacitance (Cpsg) of the intermediate node v,, (Fig. 5.9). The total
dynamic losses, composed of three terms, the first due to the LSS (Ppyss), the
second due to the HSS (Pppss), and the third due to the parasitic capacitance
(Pppar), can be approximated as

Ppyy = Pprss + Ppuss + Pppar

V2
~ w (CoxWissLiss + CoxWhrssLuss + Cpar)- (5.45)

5.7.4 Losses in the Control Block

The losses in control block (Pc7;) account for the power consumption of circuits
such as comparators, logic circuits, reference circuits, clock circuit, etc. Careful
design and application of each of the building blocks should be carried out to keep
these losses to a small fraction of the minimum specified P,y.



5.7 Conversion Efficiency 105
5.7.5 Maximizing the Conversion Efficiency

To maximize the conversion efficiency, optimum values for the switches width,
switching frequency, and duty cycle must be found.

5.7.5.1 Switches Sizing

The lengths of the switches (Ly)ss) are set to the minimum, since the losses are
minimized for aspect ratios higher than the unity and minimum gate areas. The
switches widths must be chosen to minimize the total losses of each switch. Both the
leakage and dynamic losses are proportional to the transistor width, whereas the
conduction losses are inversely proportional to the width. Hence, the optimum
switch width is that which makes the sum of the leakage and dynamic losses equal
to the conduction losses, yielding

[NTE

2 R
WLSS,opt = |7 S.L8S . (546)

3 Coxfsw V?)UT Ixon 3
vt i ) (RSL sw)

I—

I—

W 2 Rs uss
HSS,opt — 3 2 1
CoxfswV: Ixo,V 5
3 ( SswVour X0y OUT) (Rg[fs )2

3 2 3
2 VIN LHSS VIN

(5.47)

With the aid of (5.46) and (5.47), the optimum switches widths can be calculated
as a function of fgy, as shown in Fig. 5.12. The dynamic, leakage and conduction
losses of the switches, also presented in Fig. 5.12, were then calculated using the
optimum values given by (5.46) and (5.47). For these calculations, we used param-
eters of the 130-nm technology and assumed Ry = 100 Q, Voyr = 1 V, and
Viy = 50 mV. The inductance was set to 1 pH. Higher inductance values allow for
a reduction in fgy (5.34) and, consequently, a reduction in the dynamic losses.
However, to comply with practical values of inductance available in small form-
factor inductors, a maximum value for the inductance should be defined by the
designer.

Based on the results in Fig. 5.12, it is possible to determine the optimum value of
fsw that minimizes the losses in each of the switches. It can be observed that the fgy,
values that minimize the losses of the LSS and the HSS differ. Hence, a complete
analysis that takes into account the overall converter losses (Prpss) should be
performed to determine the optimum fgy, for the design.
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5.7.5.2 Switching Frequency and Duty Cycle

Optimum values of fsy and D should be chosen for the minimization of Py ggs. For
the same design specifications used in Fig. 5.12, and assuming R; = 0.1 Q (obtained
from the known value of Q at the switching frequency), Cpsg = 10 pF and
Pcrp = 100 nW, the power losses versus fgy are shown in Fig. 5.13. From these
results, the conversion efficiency can be calculated as a function of fg, thus allowing
the determination of the optimum fsy. The optimum switches widths that minimize
P oss can then be calculated by (5.46) and (5.47) using the optimum value of f.
Also, for the optimum fsy, there is a corresponding D value calculated by (5.34) that
maximizes the conversion and extraction efficiency. Figure 5.14 shows the conver-
sion efficiency, the switches widths, and the duty cycle D in terms of fsy.
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5.7.6 Zero-Current Switching Schemes

In a practical implementation of the boost converter, the LSS is generally controlled
by a pulse signal that sets fsy and toy (or, equivalently, D). The control of the HSS
requires a more complex solution since the inductor discharging time is a function of
the input voltage, which is a dynamic parameter in a typical energy-harvesting
application. Hence, in DCM, the control circuit needs to sense the inductor current,
detect the zero-current crossing, and instantly open the HSS. The delayed opening of
the HSS leads to a negative current that drains charges from the output capacitor.
Also, a premature opening of the HSS impedes the energy stored in the inductor to
be fully transferred to the output. These two mechanisms of efficiency reduction are
designated as synchronization losses (Psync), because they are dependent on the
correct timing of the opening of the HSS and further affect the conversion efficiency
beyond the losses considered in (5.37).
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UM Vour Vu Vour

Fig. 5.15 Simplified schematics of ZCS approaches including (a) a diode as the HSS, (b) a MOS
switch controlled by a comparator, and (¢) a MOS switch controlled by a digital ZCS scheme

The simplest approach to zero-current switching (ZCS) is the use of a diode as the
HSS (Fig. 5.15a) [7-10]. However, this strategy is not appropriate for Ultra-Low-
Voltage applications due to tradeoffs involving the diode leakage current and
forward voltage drop. A MOS switch controlled by ZCS schemes is usually
employed as the HSS, since this can improve the conversion efficiency when
compared with the solution employing a diode. The ZCS circuits used in this type
of solution should detect the zero-current crossing and open the HSS of the boost
converter at an instant close to the zero crossing of the inductor current.

Some designs use voltage comparators [5] to sense the voltage drop across the
HSS to detect the zero-current crossing (Fig. 5.15b). However, since the HSS
resistance is low when the switch is closed, the voltage drop across the HSS when
the current is close to zero is also very low, making this type of solution inherently
prone to error. Also, the consumption of comparators can impair the conversion
efficiency, especially at low P,y.

Another common approach to realizing the ZCS involves the use of digital
schemes to detect the zero-current crossing through an indirect variable, which is
the voltage vy, (Fig. 5.15¢) [3, 11-15]. Due to the adoption of a digital solution, the
static power consumption of the ZCS scheme is reduced. The main design chal-
lenges associated with this solution are the prevention of the high detection error that
usually occurs at low Vjy and the setting of the appropriate time for the measurement
of vy,

To open the HSS close to the zero-crossing of the current, the ZCS circuit
proposed in [4, 13] improves the detection accuracy by adopting both an appropriate
timing for the measurement of v;, and a nonlinear division of the 7oz (and Viy)
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range, which increases the detection accuracy at low V. This solution is analyzed in
Chap. 6, where the expressions for the synchronization losses are presented for this
approach.

5.8 Output Capacitor and Ripple

In a complete energy-harvesting interface, the output of the converter can be
connected to energy reservoirs, such as batteries or supercapacitors, used to store
energy when the connected load is not consuming the available power. For this type
of solution, the output voltage is generally regulated by additional conversion stages
(buck converter, LDO, etc.). When the boost converter directly supplies the output
load without the use of energy reservoirs, the value of the output capacitor should be
properly set to keep the output ripple within acceptable limits.

To define the value of the output capacitor based on ripple specifications, observe
that loyr = —Icour during tpy and fp. Therefore, assuming the converter is
operating under high gain, the output ripple is given by

(ton +1tp) _ Tour(T)

1
AVour = OUTCOUT = Cour -

(5.48)

Using (5.13) and (5.16), and assuming that the Lfsy product should comply with
(5.34), we rewrite (5.48) as

Vour
AVoyr =—F—. 5.49
RsfswM?*Cour (5.49)

Thus, one can determine the output capacitance from

1
R f sy M? 52

Vour

Cour = (5.50)

To calculate Cyy 7 for the worst condition, M should be the minimum value of the
gain factor, which can be estimated from the maximum input voltage specified for
the converter.

5.9 Input Capacitor and Ripple

The input ripple is calculated using the input-capacitor current ic;y shown in
Fig. 5.16a, which is obtained by applying the KCL at the input node. For this
analysis, we assume high-gain operation (fox > torr) and approximate the input-
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Fig. 5.16 (a) Input capacitor current and (b) representation of the ripple at the input of the boost
converter

capacitor discharging time by 7oy p, Which can be calculated by a simple trigono-
metric relation, given in Fig. 5.16a, yielding

Irp—1
fon,p = ton (4LPILP S). (5.51)

Thus, the input voltage ripple can be obtained from the voltage-current relation-
ship at the input capacitor

AV = 1 tONiCIN(’)af - L (ILP — IS) tonp = v (Ip — I5)*. (5.52)
Cv Jipye Cw 2 ’ 2I1pCry

Using (5.32), (5.52) can be rewritten as

2 2
AV :L’Nz@ —g) . (5.53)
2C[NLfSW

Therefore, assuming that the input impedance is matched for MPPT according to

(5.34), it is possible to define the input capacitor value based on the percentage ripple
at the input, yielding

2

Viv

To obtain the appropriate value for Cpy, we investigate the effect of the input
ripple on the extraction efficiency, which is given by

117 . , 4
Nextr = m T/O V[N([)[ls(t) — lC(t)]al =~ 2 — V_S2V%N’RMS (555)
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The approximation in (5.56) is valid for small-percentage ripple. Assuming the

charging and discharging of the input capacitor to be linear, as represented in
Fig. 5.16b, we have

AViy

(5.56)

5
g
2
I
—
D
N—
[\ ]
+
S

Substituting (5.56) into (5.55) yields

2
_, 1 [AVy
Heyr = 1 3 ( Vi > . (5.57)

Hence, once an acceptable value for the extraction efficiency is specified, the

proportional input ripple is calculated using (5.57), allowing the value of the input
capacitor to be determined with (5.54).

References

L.

2.
3.

4.

11.

M. Wens, M. Steyaert, Design and Implementation of Fully-Integrated Inductive DC-DC
Converters in Standard CMOS (Springer, New York, 2011)

R. Erickson, D. Maksimovic, Fundamentals of Power Electronics (Springer, New York, 2001)
Y.K. Ramadass, A.P. Chandrakasan, A battery-less thermoelectric energy harvesting interface
circuit with 35 mV startup voltage. IEEE J. Solid State Circuits 46(1), 333-341 (Jan. 2011)
R.L. Radin, M. Sawan, C. Galup-Montoro, M.C. Schneider, A 7.5 mV-input boost converter for
thermal energy harvesting with 11 mV self-startup. IEEE Trans. Circuits Syst. II Express Briefs
67(8), 1379-1383 (Aug. 2020)

. A. Shrivastava, N.E. Roberts, O.U. Khan, D.D. Wentzloff, B.H. Calhoun, A 10 mV-input boost

converter with inductor peak current control and zero detection for thermoelectric and solar
energy harvesting with 220 mV cold-start and 14.5 dBm, 915 MHz RF kick-start. IEEE J. Solid
State Circuits 50(8), 1820-1832 (2015)

. M.C. Schneider, C. Galup-Montoro, CMOS Analog Design Using All-Region MOSFET Model-

ing (Cambridge University Press, Cambridge, 2010)

. Linear Technology, LTC3108 datasheet, [Online]. Available: http://cds.linear.com/docs/en/

datasheet/3108fc.pdf

. Enocean Co., ECT310 datasheet, [Online]. Available: www.enocean.com
. Y.K. Teh, P.K.T. Mok, Design of transformer-based boost converter for high internal resistance

energy harvesting sources with 21 mV self-startup voltage and 74% power efficiency. IEEE
J. Solid State Circuits 49(11), 2694-2627 (Nov. 2014)

.J.P. Im, S.W. Wang, S.T. Ryu, G.H. Cho, A 40 mV transformer-reuse self-startup boost

converter with MPPT control for thermoelectric energy harvesting. IEEE J. Solid State Circuits
47(12), 3055-3067 (Dec. 2012)

P.S. Weng, H.Y. Tang, P.C. Ku, L.H. Lu, 50 mV-input batteryless boost converter for thermal
energy harvesting. IEEE J. Solid State Circuits 48(4), 1031-1041 (Apr. 2013)


http://cds.linear.com/docs/en/datasheet/3108fc.pdf
http://cds.linear.com/docs/en/datasheet/3108fc.pdf
http://www.enocean.com

112 5 Analysis of the Inductive Boost Converter for Ultra-Low-Voltage Operation

12. E.J. Carlson, K. Strunz, B.P. Otis, A 20 mV input boost converter with efficient digital control
for thermoelectric energy harvesting. IEEE J. Solid State Circuits 45(4), 741-750 (Apr. 2010)

13. R.L. Radin, M. Sawan, M.C. Schneider, An accurate zero-current-switching circuit for ultra-
low-voltage boost converters. IEEE Trans. Circuits Syst. II Express Briefs 68(6), 1773-1777
(June 2021)

14. M. Alhawari, B. Mohammad, H. Saleh, M. Ismail, An efficient zero current switching control
for L-based DC-DC converters in TEG applications. IEEE Trans. Circuits Syst. II Express
Briefs 64(3), 294-298 (Mar. 2017)

15. AXK. Sinha, R.L. Radin, D.D. Caviglia, C. Galup-Montoro, M.C. Schneider, An energy
harvesting chip designed to extract maximum power from a TEG, in 2016 IEEE 7th Latin
American Symposium on Circuits & Systems (LASCAS), Florianopolis, 2016



Chapter 6 )
Ultra-Low-Voltage Boost Converter Crechae
for Energy-Harvesting Applications

6.1 Introduction

Recent developments in energy harvesting have been focused on ultra-low-voltage
(ULV) operation using switched-inductor converters as an efficient means of
DC-DC conversion [1-8]. Although switched-capacitor converters [9—11] have the
advantage of a fully integrated implementation, the minimum input voltage for
operation of this type of converter is generally high (typically above 100 mV), and
the efficiency is low when compared with switched-inductor converters, especially
at low input voltages, being inappropriate for ULV operation.

Inductive converters can provide efficient operation with input voltages well
below 100 mV, but an off-chip inductor and capacitors are required. Since inductive
converters are not able to self-start at low input voltages, auxiliary cold-starter circuits
are used to provide the startup, which can be achieved at ultra-low voltages when
off-chip components with a high-quality factor (Q) are employed [1, 2, 12—14].

In this chapter, an ultra-low-voltage converter, which uses an efficient inductive
converter for steady-state operation and an ultra-low-voltage cold starter for system
startup, was designed to fulfill the following requirements:

* Achieve startup and operate efficiently at low-input-voltage levels, typically
provided when harvesting thermal energy from the human body or solar energy
in indoor environments.

e Operate efficiently from different types of transducers, accommodating a wide
range of input voltages and internal resistances (Rg), and provide a stable and
adequate output voltage under several input conditions;

* Provide an output voltage level of around 0.7 to 1 V, which is high enough to
supply low-power Internet-of-Things (IoT) devices;

* Provide high end-to-end efficiency for an available power (P,4y) in the range of
pW to mW, which is the common range required by low-power IoT devices.
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6.2 Converter Architecture

Targeting the startup and operation from very-low input voltages, a step-up con-
verter for ULV energy-harvesting applications was designed and integrated in a
130-nm CMOS technology. A block diagram of the converter architecture is shown
in Fig. 6.1.

The converter is comprised of the cold starter, the main boost converter, and
the control circuit. The cold starter is used to establish a temporary supply voltage
(Vbpcs) at the beginning of the converter operation to power the control circuit, thus
enabling the startup of the inductive boost converter. The main goal of the cold
starter is to provide a Vppcs of approximately S00 mV and a current of 100 nA,
which are sufficient to supply the control circuit for the switching of the boost
converter. The implemented cold starter is detailed in Sect. 6.4.

The inductive boost converter is employed to perform efficient voltage conver-
sion in a steady sate. In the architecture of Fig. 6.1, the boost converter is
implemented with two low-side switches (LSSs), LSSag and LSS¢, which are
employed during the boost converter startup and in steady state, respectively.

The control block was designed to perform three main roles: (i) to control the
states of the high-side switch (HSS) and of the LSSs of the boost converter within
each operation cycle through the adoption of a clock circuit and a zero-current-
switching (ZCS) circuit; (ii) to coordinate the Vpp buildup during the startup
sequence; and (iii) to limit the output voltage to around 1 V.

The types and sizes of the transistors used as the converter switches are shown in
Table 6.1.

G Vbpcs
S__\_ch _ STARTER
LT AR SWypp_ )07
- 7 You
Vin N%Y\ Oc. Vi HSS 22 SWrioan| -4
— s, oL 1 15
s Ciw N _O_C()UT Ruow
CLK,\p CLK¢ I
) V6 uss Pic
— BOOST =
Vopes Voo
) o i p—
CONTROL 2—

Fig. 6.1 Schematic showing the converter architecture
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Table 6.1 Transistors of the converter switches

Device Type m X W (pm)* L (nm)
LSSag Low-V; (LVT) NMOS 60 x 20 120
LSSc LVT NMOS 150 x 20 120
HSS Standard PMOS 120 x 20 120
SWos Zero-Vy (ZVT) NMOS 100 x 20 420
SWybn Standard PMOS 60 x 20 120
SWrioAD Standard PMOS 150 x 20 120

“m is the number of transistors in parallel

6.3 VDD Buildup

Once the converter starts up, it commutes between three distinct phases of operation,
building up the Vjpp voltage from zero volts to the steady-state value. The buildup
sequence allows different circuit configurations to minimize low-voltage startup and
maximize the steady-state efficiency.

6.3.1 Phase A

When the primary source (Vi) is connected to the converter input, the cold starter
turns on, establishing the voltage Vppcs that powers the control circuit, hence
providing the switching of the boost converter and giving rise to the buildup of
node Vpp. During this phase, node Vppcs powers only the part of the control circuit
responsible for the clock generation and for keeping SWgy oap and SWypp in the
open state. A simplified equivalent circuit of the converter in phase A is shown in
Fig. 6.2.

In this phase, the load is disconnected from the output to avoid unnecessary
consumption during startup and therefore Vyopyr = 0 V. To reduce the dynamic
losses, a small switch (LSS ,g), with an area close to a third that of LSS, is used
during startup. The dynamic losses of the LSS, which impose a significant load at the
cold starter output node (Vppcs), should be minimized to achieve a low startup
voltage. A narrower switch increases the conduction losses, but this is not of concern
regarding the inefficient cold starter since these losses are supplied directly by the
transducer. During this phase, the ZCS circuit is bypassed and Vg gss=Vpp; thus,
the HSS is equivalent to a diode-connected MOSFET.

6.3.2 Phase B

When Vpp reaches approximately 530 mV, the converter commutes to phase B.
During this phase, node Vppcs is connected to node Vpp, which is now responsible



116 6 Ultra-Low-Voltage Boost Converter for Energy-Harvesting Applications
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for powering the whole circuit, as represented in Fig. 6.3. The load is connected to
the output, and thus, Voyr = Vpp=Vppcs-

6.3.3 Phase C

When Vpp, equals 660 mV, the cold starter is turned off to avoid unnecessary power
consumption, and the ZCS circuit starts to operate. LSS sp is replaced by a wider
switch, LSS¢, which is sized to minimize the overall losses. During phase C, the
circuit reaches the steady state, and the equivalent circuit in this phase is shown in
Fig. 6.4.

When the boost converter operates in discontinuous conduction mode (DCM)
under high conversion gain, the output voltage can be determined using expression
(5.18), repeated as follows:

. D*Vp?

\% >~ 6.1
U = 2Lfswlour (6.1)
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Fig. 6.4 Converter
equivalent circuit during
phase C

In our design, the switching frequency (fsw), boost inductance (L), and duty
cycle (D) are fixed parameters; therefore, during circuit operation, the output voltage
is dependent only on Vy and Ipy7. To avoid an increase in the output voltage under
the condition of low output current and/or high input voltage, the control circuit
temporarily disables the clock, interrupting the boost operation for a certain amount
of time, to limit the output voltage to around 1 V. The control mechanism respon-
sible for the limiting of Voyr is explained in Sect. 6.3. Thus, in steady-state
operation, the converter can operate in two distinct ways, namely, with
non-limited or limited Vo7, as described next.

¢ Non-limited V7 — when Vi and Iy7 lead to Vo between 0.6 and 1.0 V, the
boost operation is continuously maintained. The output ripple for non-limited
Vouris a function of Cpyr, for which the value was determined in Sect. 5.8. The
maximum power point tracking (MPPT) is given by (5.34), which sets the value
of the Lfsy.

¢ Limited Vo7 — when V;y and/or 1oy lead to a value of Vo7, which tends to be
above 1 V, the limiting of Vpy7 to 1 V takes place. The converter alternates
between active (clock is on) and inactive (clock is off) states, with durations z4g
and t, respectively. During the inactive state, in which the clock is disabled, the
output capacitor provides the load current, and the harvesting ceases. Simulations
of Voyr limiting as well as of the clock voltage are shown in Fig. 6.5. For limited
Vour, the output ripple, which can be observed in Fig. 6.6, is dependent on the
hysteresis width set by the comparator that enables or disables the clock.

6.4 Control Circuit

The control block shown in Fig. 6.7 is comprised of a five-stage current-starved ring
oscillator (CSRO) responsible for generating the clock signal, switch drivers, a Vpp
sensing circuit, a voltage reference circuit, a negative voltage generator, hysteretic
comparators, and the fully digital ZCS circuit used to guarantee an efficient DCM
operation for both low and high input voltages. Vj, is used to indirectly sense the
zero crossing of the inductor current, as will be explained later. The instances inside
the control block are powered by node Vppcs, unless otherwise indicated in Fig. 6.7.
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During startup, Vpp is the main input variable of the control block, which is
sensed and compared with a reference voltage. The comparators output the control
signals used to open and close the switches of the converter, enabling different
circuit configurations for each of the phases. Figure 6.8 shows the simulation results
for the control signals generated in the control block during Vpp buildup.
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6.4.1 Voltage Reference

The voltage reference generator in Fig. 6.7, which uses two transistors, sets the
voltage reference (Vggr) of the control circuit. The principle of operation of this
circuit is detailed in [15]. For the proper functioning of the circuit, devices with
different threshold voltages should be employed. Transistor Myggg; is a standard-V,
thick-oxide device, and Myggr; is @ ZVT thick-oxide device. Using the transistor
model described in Chap. 1, and assuming both transistors operate in weak inversion
and have equal drain currents, we have

H 2”2&
n, n
Vrer = nig, In 7&/2] + (VTO,I - n—;VTo,z) , (6.2)

Hpam o

where n is the slope factor; W, and L, are the MOSFET channel width and
length of Mygrgri(2), respectively; Vi 1) is the equilibrium threshold voltage of
MvREF1(2); Hn,1(2) 1S the electron mobility of Mygrgri(2); and ¢, is the thermal voltage.

The first term in parenthesis of the Vzzr expression is proportional to the absolute
temperature, whereas the second term is complementary to the absolute temperature.
Therefore, the transistors can be sized to minimize the dependence of Vggr on the
temperature. Figure 6.9a shows the dependence of Vggr on the temperature for
several Mygrgr; width values. A width of 28 pm was selected, because this value
provided the best performance regarding temperature stability. For the chosen
dimensions, the variation in Vzgp is around 0.048% for a temperature range of
—10to 80 °C.

The circuit was also simulated to verify its stability against Vpp and process
variations. The results are shown in Fig. 6.10. For Vpp > 0.4 V, Vggp varies 0.2% for
Vpp varying from 0.4 to 1.2 V in the TT corner. For the SS and FF corners, a
variation in Vzgr of 3.2% was observed.
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Fig. 6.10 Vgzgr vs Vpp for 216
different corners 7
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Table 6.2 Sizing of the ref- Transistor WIL Type
erence generator transistors Muer: 28 um/30 pm Thick-oxide NMOS
Mvyrer2 33 pm/30 pm Thick-oxide ZVT NMOS

The simulated results for Vggr show that the circuit stability against process,
voltage, and temperature (PVT) variations is suitable for the requirements of this
application, since the tolerance of Vp, levels for transition between phases is higher
than the variations observed in simulations. The transistor sizes are shown in
Table 6.2.

6.4.2 Sensing Circuit

The Vpp level is sensed by the resistive voltage divider in accordance with Vgy,
; = k;Vpp, where k; is the attenuation of the voltage divider at node k;. Hence, when
comparing Vger with the sensed voltages (Vsy,;), a change in the comparator state
occurs for

Vv
Vsni = Vrer ZYS. (6.3)

Vuys is the hysteresis width, intentionally introduced in the comparator to avoid
improper triggering. Thus, transitions occur for
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Table 6.3 .Para:met.ers related R; (MQ) ki Vpp transition (V)
to the sensing circuit
0 7 - -
1 1 0.4 0.53 + 0.038
2 1.25 0.32 0.66 £+ 0.046
3 2.5 0.21 1.0 £ 0.07
Fig. 6.11 Sensed voltages
and VREF during VDD
buildup
S
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Vrer £ Viys/2
Vpp = YRer £ Vis/2 (6.4)

k;

Table 6.3 shows the values for the resistors of the voltage divider, the attenuation
ratio k;, and the Vpp, values for the transition between phases. The simulation results
for the voltages generated by the sensing circuit during the Vpp, buildup are shown in
Fig. 6.11.

6.4.3 Hysteretic Comparators

The comparators are used to control the state of switches SWgrroap, SWcs, and
SWypp and to activate/deactivate CLK og and CLK. Comparator C,, responsible
for the transition between phase A and phase B, controls the state of SWgy oap and
SWypp. Comparator C, controls the transition from phase B to phase C, activating
CLKG, deactivating CLK s, and setting a control signal used by a negative voltage
doubler to turn off the cold starter. C3 is responsible for activating/deactivating
CLKc when Vyyris being limited.

To avoid undesirable transitions at the output, the comparators were implemented
with hysteresis [16]. The comparators are composed of three stages (Fig. 6.12): the
preamplifier stage, the decision stage, and the output stage (Fig. 6.12). In the
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Fig. 6.12 Schematic of the comparator
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decision stage, the difference in the transistor sizes directly affects the switching
point (Mc; # Mc») and sets the hysteresis width.

Figure 6.13 presents the DC transfer curve for the comparator. Since
Vrer = 211 mV, the hysteresis of approximately +15 mV around Vggr, which is
obtained for Mc,/Mc; = 5, translates into a hysteresis of £38 mV around Vp, for
C;, 246 mV for C, and 4+ 70 mV for Cs, as shown in Table 6.3.

The transition time of the comparator can be relatively high, due to the slowness
of the signals being controlled (Vpp signal ramps up slowly, in the ms range). A
transient analysis of the comparator is presented in Fig. 6.14, where the DC level of
both Vjy4 and Vi is equal to Vpp/2 and a sinusoidal signal is applied to Vjy4. The
average consumption of each comparator is around 55 nW for Vpp = 1 V, which is
adequate for the targeted range of P,y. The settling time for a load capacitance of
100 fF is around 1 ps.
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Fig. 6.14 Transient
response of the comparator
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6.4.4 Negative Voltage Generator

The consumption of the cold starter is around 115 pW for V;y =80 mV (Rg =5 Q),
and thus, it should be turned off after Vppcs has reached 660 mV to improve the
system efficiency. In this work, the cold starter is comprised of a ULV oscillator and
a charge pump. Therefore, a ZVT NMOS transistor (SWcg) is used as a switch to
interrupt the ULV oscillator connection to ground in phase C, effectively
interrupting the operation of the cold starter. Due to the ZVT characteristics, a
negative voltage needs to be generated to effectively turn off the cold starter.

Using the CLK( signal, we implemented a negative voltage doubler (Fig. 6.7)
with the conventional topology of a clamp followed by a peak detector to generate a
negative voltage (Vygg). The output capacitor of the voltage doubler is the input
capacitance of SWcg, and the ZVT transistor should thus be sized considering three
distinct aspects: firstly, the ON series resistance should not significantly affect the
minimum Vjy for startup; secondly, the switch should effectively turn off the
oscillator in steady state; and thirdly, the gate capacitance of the switch should
provide an acceptable ripple level.

For the oscillator shutdown in phase C, we use an inverter for which Vppcs and
Vinec are the supply rails (Fig. 6.7). Therefore, during phases A and B, the inverter
outputs Vppcs, while during phase C, the inverter outputs Vygg. Figure 6.15 shows
the transient simulation of the control signal that turns off the ULV oscillator of the
cold starter when the converter commutes from phase B to phase C.

6.4.5 Clock Source

The clock circuit (Fig. 6.16) provides the signal for switching the LSS. It is also used
for both the timing of the ZCS circuit and as the oscillatory signal used in the
negative voltage doubler.
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Fig. 6.16 Schematic of the clock and bias circuits

The clock is a five-stage CSRO in which the frequency can be fine-tuned by four
external trimming bits to maintain V;y=V/2. The switching frequency is set to
around 30-40 kHz. The external trim bits enable the value of Rggr to be adjusted
from 16 MQ to 22 MQ, which allows a variation of around 33% in fsy. The fow
variation can be used to compensate for tolerances of off-the-shelf inductors and
process variations. The sizes of the transistors of the CSRO are given in Table 6.4.
The simulation of the CSRO for the different corners resulted in a variation of 5.3%
(FF), —0.8% (FS), —1.5% (SF), and + 0.36% (SS) in the oscillation frequency.

At the output of the CSRO, two signals from different stages are used by a NAND
gate to generate an asymmetrical waveform with a duty cycle close to 0.7. This value
allows a minimum voltage gain of 3.3 or, equivalently, the maximum input voltage
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’[jabl.e 6.4 Sizes of the clock  Transistor WIL Type

circuit transistors Moxrr 2.5 pm/l pm Standard PMOS
Mckp2 2 pm/2 pm Standard PMOS
Mirp 8 pm/2 pm Standard PMOS
Mckni 700 nm/1 pm Standard NMOS
Mckn2 1 pm/2 pm Standard NMOS
Mirn 4 pm/2 pm Standard NMOS

Fig. 6.17 Simulated signals
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of around 300 mV for Voyr = 1 V under DCM operation, which are appropriate
values for the given application. The results of post layout simulations of the outputs
of the third and fifth stages as well as the asymmetrical clock signal after the NAND
gate can be observed in Fig. 6.17.

After the generation of the asymmetrical clock, logic gates are used to enable and
disable the signals CLKsp and CLK¢ during the different phases of operation.
During phases A and B, CLKAB is enabled and CLK( is disabled. In phase C,
CLKg is always disabled, and CLKc is enabled if the converter is active and
disabled if it is inactive (limited Vyy7). Figure 6.18 presents the simulation of
CLKap and CLK( during Vpp buildup and in a steady state for a case in which
Vour is limited after reaching Phase C.

6.4.6 Zero-Current Switching

The ZCS circuit shown in Fig. 6.19 [17] was designed to allow efficient DCM
operation of the boost converter. The operation of our circuit is similar to those
described in [7, 8, 18, 19], but the detection accuracy is improved, especially at low
Vin-
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The pulse signal generated by the ZCS circuit (Vg gss) controls the state of the
HSS of the converter, keeping it closed during the inductor discharging time (forF)
and open during inductor idle (#p) and charging (¢oy) times. Through the relation
given by (5.16), each value of 7ppr fits a specific input voltage level, and when the
converter operates under high voltage gain, this relation is nearly linear. Since Vy is
a dynamic variable, the pulse signal generated by the ZCS circuit has an adjustable
width (¢py), which ideally is very close to fozr of the corresponding V. For this
purpose, we adopted a four-bit system, allowing 16 different values of pulse width to
cover the range of ¢orr and, consequently, the range of V.

The ZCS circuit is comprised of a delay chain with 16 stages implemented with
current-starved inverters to generate a pulse with variable width, the sensing flip-
flop, the measurement delay (At,,) block, and the pulse selection circuit (multiplex
+4-bit counter). The whole ZCS block is supplied with Vpp, since this block is used
only after the converter has started up and reached phase C.

6.4.6.1 Operation Principle
The ZCS circuit senses the node V,,, which indirectly provides information about the

late and early opening of the HSS, and based on the sensing results, it adjusts #py, to
best fit torr. A D-type flip-flop is employed to sense the voltage V), a certain time
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Fig. 6.20 i;, Vg uss, and V), for (a) late opening and (b) early opening

after the opening of the HSS (At,,). If the HSS opens after the zero-current crossing,
the inductor current at the instant the HSS opens (iz(0)) is negative, and V,, will
rapidly shift from V7 to zero. On the other hand, if the HSS opens before the zero-
current crossing (iz(0) > 0), the inductor will still discharge through the HSS, which
is now a high-resistance path, causing an overshoot at V,,, as represented in
Fig. 6.20. Thus, if V), is still higher than a specified switching point (logic high) a
short time (Az,,) after the opening of the HSS, early opening is detected. If V,, is
lower than the switching point (logic low), late opening is detected by the sensing
flip-flop.

Based on the result that is sensed by the flip-flop, the counter is then incremented
or decremented, and the current pulse width applied to the gate of the HSS is
increased or decreased, respectively. The counter controls a multiplexer, which
selects one of the outputs of the delay chain and connects it to the pulse generation
circuit, setting the pulse width. If #py, is slightly narrower than #,f, early opening is
detected, and tpy is increased. On the other hand, if 7py is wider than tozr, late
opening is detected, and #py is decreased. After the system reaches convergence, 7py,
will alternate around ?ppp.

6.4.6.2 The Measurement Delay and #gp

The discrimination between low and high logic levels of V), is performed by the
sensing flip-flop. The measurement of V,, is taken at a certain time (Aty,) after the
opening of the HSS. A V,, value above the flip-flop switching point (Vy; > Voy1/2)
indicates early opening, and a value lower than the switching point (V,; < Voy/2) is
a sign of late opening. The time interval between the opening of the HSS and the
crossing of V,, through the switching point of the sensing flip-flop (Voy7/2) is
defined as fgp, as represented in Fig. 6.20. The value of tsp is a function of both
the circuit parameters and the initial conditions at the opening of the HSS.
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Fig. 6.21 Post-layout
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The appropriate time to sense node V,,, which is critical for the accuracy of the
ZCS scheme, is set by the measurement delay block comprised of two logic
inverters. If Az, is set at a much lower value than fgp, late opening can be wrongly
interpreted as early opening. On the other hand, if Az, is set at a much higher value
than zgp, early opening can be wrongly interpreted as late opening.

The dependence of tsp on the inductor current at the opening of the HSS (i;(0))
was analyzed by simulation for L = 33 pH and L = 220 pH, where the initial
condition for the inductor current was used as a parameter, and tsp was measured by
transient simulation. The results for normalized i;(0) are shown in Fig. 6.21.

As can be observed in Fig. 6.21, because tsp is a monotonic function of i;(0), Aty,
should be set to a higher value than the zgp of negative i; (0) to allow V), to reach the
switching point, thus providing the correct detection of late openings of the HSS.
Also, Aty should be set to a lower value than the #gp of positive iy (0), to prevent v,,
from reaching the switching point, thus providing the correction detection of early
openings of the HSS. Therefore, when At is calibrated to the value of #5p for
i7(0) = 0 (tspp), early and late opening of the HSS are correctly discriminated. For a
boost inductor of 33 pH, the simulated value of #spy was 13 ns, and for 220 pH, it was
33 ns.

If Aty is properly set to tspg, the pulse width values alternate around ?orr, Which
causes alternating late and early opening of the HSS, and i;(0) continues to alternate
around zero. However, inappropriate values of At might lead to an alternation
around a different value of i;(0), and only early or only late opening could be
generated, increasing the detection error and reducing the conversion efficiency.
Figure 6.22 shows how the incorrect choice of the measurement delay affects the
readings of logic levels.

6.4.6.3 Analytical Determination of ¢gp

To obtain an analytical expression for fgp), we analyze the time response of the
second-order system comprised of the capacitance at node V; (Cypar), inductance
(L), and the parasitic resistance of the switches (Fig. 6.23) for i;(0) = 0. Applying
the Kirchhoff Current Law at node V,, [20], we have
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where

(6.6)

woy =

X = .
VLCypar 2(Ryss//Russ)Cumpar

To obtain the time-domain expression for fgp, the type of damping that occurs
after the opening of the HSS should be firstly evaluated. Therefore, the values for the
switch resistances and Cy;psr Were obtained through post-layout simulations. When
Vi ranges from Vo7 to Voyr/2, the measured value of Ry gs/Rpss ranges from 55 to
100 k€2, and the measured value of Cypay is 4.6 pF. Thus, for the highest value of
the boost inductance considered in this research (L = 220 pH when Rg = 40 Q), we
have wy = 3.14 x 107 and 1.09 x 10° < & < 1.97 x 10°. As a result, for the whole
range of switch resistances and boost inductance values, we have a highly
underdamped system (@ < @), and the time response follows the expression

VM(I) =Vin+ (B] Ccos (O)Dl‘) + B, sin (a)Dt))e_“’, (67)
where wp = \/w(z) — a? = wy. Because a < wq_ the Vy, shift from Vypr (when
t = 0) to Voyr/2 (When t = tgpg) is associated with the sinusoidal terms; thus, the
attenuation term imposed by o can be neglected. Also, assuming high gain operation

(Viv < Voyur) and that Vy, = Voyrfor t = 0, for i, (0) = 0, we approximate (6.7) as

VM(I) = Vour cos (th) (68)
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Considering that V), is equal to Vyy7/2 at the switching point (# = #gpg), using
(6.8), we have

tspo = v/ LCapag arccos 0.5 ~ 1.05v/LCypar (6.9)

Hence, setting At, equal to tsp given by expression (6.9) minimizes the detec-
tion error. The result obtained with (6.9) is in close agreement with the simulation
results.

6.4.6.4 Pulse Scaling

To make tpy as close as possible to togr, we first define the zero-current detection
error (ZCDE) for a given topr and fpy as

7cDE - [tPw = torr| (6.10)
torr

Since in steady state the system alternates between two values of 7y, one slightly
narrower and one slightly wider than 7o f, the overall ZCDE for the given togf is the
average of the ZCDE for the two alternating 7py, values. Using (6.10), the ZCDE was
plotted as a function of Vy in Fig. 6.24 for different bit resolutions, with a linear
division of the 7py, range.

As can be seen, the ZCDE is increased for low input voltages, since the step size
in this range is greater when compared with the respective #opr. To overcome this
problem without resorting to a large number of bits, we propose the use of geometric
scaling of the 7oz range, in other words, decreasing the step size for low 7py. The
scaling factor (SF) and the pulse width generated by each of the delay outputs
(tpw(i)) are therefore given by

1

npe—1

SF = (V’N~MAX> ” (6.11)
Vin v

Fig. 6.24 Detection error
for different bit resolutions
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Fig. 6.25 Detection error 0.5
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tpw (i) = SF ™ tpy (1) (6.12)

where Viy v and Viy pax are the specified minimum and maximum values of Vi,
respectively, and npg = 2” is the number of delay stages for a number of bits equal to
b. The value of tpy(1) is equal to topr for the case of Vjy=Vjyn and can be
determined by the boost gain expression (5.16), since Vo7 = 1 V and tpy is fixed.
The detection error for geometric scaling is plotted in Fig. 6.25 along with the linear
scaling of ¢py, for a 4-bit resolution.

The geometric scaling equalizes the ZCDE across the whole V;y range, mitigating
the problems of detection accuracy in the low Vjy range, which results in a loss in the
conversion efficiency. For early opening, some energy is lost in the HSS series
resistance during the remaining discharging period of the inductor. On the other
hand, late opening generates a reverse energy flow that partially discharges the
output capacitor. Thus, with the aid of Fig. 6.20, we define the ZCS conversion
efficiency (17z¢s) as the ratio of the energy transferred to the load for a given #py,
(Erpw) to the energy transferred to the load for the case of ideal ZCS (Ezcs), which is
obtained when tpy = forr, leading to

Erpw ki(torr — lPW)Z
= =1- 6.13
zcs Ezcs torF? (6.13)

For the case of i;(0) < 0 (late opening), k; has no meaning and is equal to 1. For
the case of i;(0) > O (early opening), k; represents the fraction of the energy stored in
the inductor at the opening of the HSS that is lost in the HSS. The k; value is a
function of the HSS off-resistance, and it can be estimated by simulation once the
size of the HSS is defined.

Since, tpy alternates between two values in steady state, the efficiency of the
proposed ZCS scheme is given by the average of the efficiency given by (6.13) for
the two alternating values of #py. Using (6.13), z¢s is plotted for the case of linear
and geometric pulse scaling for a 4-bit system in Fig. 6.26.

Using the proposed scaling strategy, the current-starved inverters (Fig. 6.27) can
be sized to generate a pulse width and delay in accordance with the values shown in
Table 6.5. The final sizing of the delay chain devices, determined by simulation, is
also presented in Table 6.5.
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Fig. 6.26 Values of 7z¢s
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Fig. 6.27 Delay chain using current-starved inverters

Figure 6.28 shows the simulation results for the pulse width obtained for each
stage [21] and the proportional deviation of each of the corners.

To evaluate the effect of Aty, on the ZCDE and 7,¢s, we use the relation given in
Fig. 6.21 and (5.11) to determine the two alternating values of #py, for any given Aty,
and Vy, enabling (6.10) and (6.13) to be calculated for the geometric pulse scaling.
Considering our design parameters (L = 220 pH, Viyauw = 10 mV, Vjyy
max = 154 mV, SF = 1.2 and nps = 16), we plot ZCDE and #cs vs Vjy for different
values of Aty in Figs. 6.29 and 6.30, respectively.

As can be observed, setting Afy, according to (6.9) maximizes the efficiency,
which can be significantly impaired as At deviates from zgp,. It should be noted that
when Az, is properly set by (6.9), the results are equal to those in Figs. 6.25 and 6.26
for the geometric scaling, as expected.
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Ttabled6;5 Srtiling Oﬁ Curf?éltt}-l Stage | Device Width Pulse width | Delay

el e e i Ny (So20m 20
2 Mynepy2 6.83 pm 300 ns 50 ns
3 Mynepys 5.9 pm 360 ns 60 ns
4 Mynpy 5.4 pm 432 ns 72 ns
5 Mynep)s 4.85 pm 518 ns 86 ns
6 Mynepys 4.15 pm 622 ns 104 ns
7 Mvney7 3.5 pm 746 ns 124 ns
8 Mynp)s 3.05 pm 895 ns 149 ns
9 Mynpyo 2.6 pm 1.07 ps 179 ns
10 Mynepyio 1.87 pm 1.29 ps 215 ns
11 Myn@)ii 1.54 pm 1.55 ps 258 ns
12 Mynep)i2 1.35 pm 1.86 ps 310 ns
13 Mynep)i3 1.17 pm 2.23 ps 372 ns
14 Mynpyi4 1 pm 2.68 ps 446 ns
15 Mynep)is 850 nm 3.21 ps 535 ns
16 Mvne)i6 720 nm 3.85 ps 642 ns

“The first stage is comprised of five cascaded stages, each cali-
brated for a 50-ns delay. The length of all transistors is 1.2 pm
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Fig. 6.28 Pulse width and corner deviation of each delay chain stage
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Fig. 6.29 ZCDE vs V;y for different At values using geometric pulse scaling
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Table 6.6 On-chip devices of
the cold starter

6.5 Cold Starter

Device Value or size

Mcs ZVT — (90 x 20) pm/420 nm
Mcp 8 pm/120 nm

Cocs 12.8 pF

Cep 1.41 pF

A cold starter employing off-chip inductors was designed through parametrical
analysis in Cadence Virtuoso EDA tools, targeting a reduction in the startup voltage.
For a complete design methodology of a fully-on-chip cold starter, the reader is
referred to Sect. 4.3. Figure 6.31 shows a schematic of the cold starter, which is
comprised of an enhanced-swing cross-coupled oscillator (ES-XCOQO) [22] and a

3-stage Dickson charge pump (DCP).

Table 6.6 presents the component values and sizes of the on-chip devices used in
the cold starter. In post-layout corner simulations, the startup of the boost converter



136 6 Ultra-Low-Voltage Boost Converter for Energy-Harvesting Applications

was achieved for 9.8 mV (TT), 9.2 mV (FS), 12.3 mV (SF), 9.2 mV (FF), and
12.3 mV (SS). According to (2.16), a high L,/L, ratio reduces the supply voltage
required for oscillation. Thus, we set L; = 1 pH and L, = 100 pH, both modeled with
Q = 100 at 1 MHz for the off-chip inductors of the ES-XCO.

6.6 Experimental Results

The DC-DC converter [1] was integrated in the Global Foundries 130-nm CMOS
technology supported by Cadence EDA tools in the design phase. The availability of
ZVT transistors used in the ES-XCO is an important requirement when determining
the technology. The off-chip components are the boost inductor L, Czy, and Coyr
and the four ES-XCO inductors.

Figure 6.32 shows a micrograph of the active area (0.35 mm?) of the chip. For the
measurements, Vg was emulated by a variable power supply (Keithley 2401), and Rg
was set with resistors of either 6 Q or 40 Q, combined with an off-the-shelf inductor
of 33 pH or 220 pH, respectively, setting the MPPT as defined in (5.34). The input
and output capacitors are determined from (5.54) and (5.50), respectively, keeping
the proportional ripple lower than 10% for L = 33 pH, which leads to values of
Ciy =22 pF and Coyr = 2.2 pF. A photograph of the test bench setup is shown in
Fig. 6.33.

Fig. 6.32 Micrograph
showing the active area of
the fabricated chip

Fig. 6.33 Test bench setup
used for the measurements
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6.6.1 Startup

For the ES-XCO using off-the-shelf inductors, several combinations of inductors L;
and L, were tested to find the values that start up the converter at the lowest input
voltage, as shown in Table 6.7. The startup voltage is defined as the minimum input
voltage, which allows the boost converter to reach steady-state operation (phase C).

According to (2.14) and (2.22), the oscillation condition is a function of not only
the ratio L,/L, but also the losses in the inductors and the charge-pump input
conductance (G,). The combination of off-the-shelf inductors that led to the mini-
mum supply voltage to start up the boost converter was L; = 1 pH (Q = 40
@1 MHz) and L, = 100 pH (Q = 100 @1 MHz). On applying these values, the
ES-XCO started to oscillate for an input voltage of 3.3 mV, which provided a voltage
of 63.4 mV at node Vppcs. However, this is not high enough to power the clock
circuit. As the input voltage increases, the Vppcs also increases, making it possible
to start up the boost converter.

Figure 6.34 shows the voltage at node Vppcs against V. The boost converter can
start up and achieve steady-state operation (phase C) for V;y = 11 mV, when Vppcs
is high enough (=420 mV) to allow efficient switching of the LSS. It should be noted

Table 6.7 Startup voltages Ly (pH) L» (uH) Startup (mV)
for several ES-XCO inductor
L 4.7 33 28

combinations
4.7 1000 26
10 100 20
4.7 220 20
4.7 330 20
4.7 470 19
4.7 100 15
1 100 11

Fig. 6.34 Measured Vppcs, 700 —

VAh and VAZ Vs VIN for - VAZ

Rs=6Q 6001|-——- ¥,

— = Vppcs (probe)

Voltage (mV)
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Fig. 6.35 Measured Vppcs,
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that the oscilloscope probe imposes a relevant load (10 MQ) at node Vppcs. Another
cold starter test, in which nodes V,;, V45, and Vppcs were simultaneously measured
against Vjy, is also shown in Fig. 6.34. The effect of loading the ES-XCO output
nodes using the probes of 10 MQ and 3.8 pF clearly impairs the startup performance,
as can be noted by the difference in Vppcs when V,; and V4, are not being
measured.

The waveforms of V,;, V45, and Vppcs are plotted against time in Fig. 6.35 for an
input voltage of 7.4 mV, which is the minimum V,, required to start up the ES-XCO
when nodes V,; and V,, are loaded by the oscilloscope probes. The measured
oscillation frequency is around 3.9 MHz for the values of L; = 1 pH and
L, = 100 pH.

6.6.2 Vpp Buildup

Figure 6.36 shows Vppcs and CLK g during startup for V;y = 20 mV. As can be
seen, after the cold starter has established the voltage Vppcs, the CSRO starts to
oscillate. Every time the CSRO switches the transistor NM; o5, Vppcs drops a little
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Fig. 6.37 Measured Vppcs, B > > < >
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due to the switching of a high-capacitance node. A larger-area switch would lead to a
higher voltage drop at the Vppcs node, thus increasing the V;y required for a given
Vbpcs level. Hence, the dual-switching scheme using a specific switch with smaller
dimensions during startup is an important strategy for reducing the minimum startup
voltage of the converter.

After CLKAp has started up, the boost operation begins, and node Vpp builds
up. The complete buildup of Vpp, Vppes, and Vpoyr is shown in Fig. 6.37 for
Vin = 30 mV. When Vpp, reaches approximately 420 mV, nodes Vppcs, Vpp, and
Vour are connected to each other, and once Vpp reaches approximately 600 mV,
switch NM ¢ replaces switch NM 5, the ZCS scheme starts to operate, and the
ES-XCO is disabled. Due to the gain in the efficiency delivered by the ZCS scheme,
Vpp starts to increase at a faster rate, reaching a steady state for Vpp, close to 1 V. The
transition between phases occurred at voltage levels lower than those designed in
Sect. 6.3.2, but no significant effect was observed in terms of the system
performance.

6.6.3 Zero-Current Switching

In order to evaluate the performance of the ZCS scheme, V), and Vg yss were
measured. Since the capacitance of the oscilloscope is of the same order of magni-
tude as the capacitance of both nodes, some degradation is introduced by the
measurement equipment. Figure 6.38 shows the steady-state waveform of Vg ygs.
Figure 6.39 shows the waveform of V,,, where it is possible to see the alternation
between early and late openings of the HSS. As can be noted, the early opening of
the HSS generates a glitch in the waveform of V,,, whereas late opening does not.
Figure 6.40 shows the V), waveform in detail for early and late openings.
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Fig. 6.38 V yss waveform during steady-state operation
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Fig. 6.39 V,, waveform during steady-state operation

6.6.4 Clock Frequency

As explained in Sect. 6.4.5, four external bits are used to control fsy to maximize the
harvesting efficiency. Figure 6.41 shows the measured waveform of the CLK ¢ signal
for maximum (word 1111) and minimum (word 0000) settings.
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Fig. 6.40 V,, waveform for (a) early opening and (b) late opening of the HSS

6.6.5 Efficiency

141

The extraction and end-to-end efficiencies were measured for different Rg and input
voltages, as shown in Fig. 6.42. A resistive load was varied at the output to perform
the measurements. The minimum input voltage capable of sustaining steady-state
operation during phase C was around 7.3 mV, for a 10 MQ load (oscilloscope load)
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Fig. 6.41 CLKcsignal for [ — — i — ]
(a) maximum (45.44 kHz) N
and (b) minimum
(33.71 kHz) frequency
settings 16 B3
100 mV
(a)
16 ps,
[100 mv

(b)

connected at the output. For this condition, the output voltage is 690 mV, and 77,,,4.;0-
end is 2.4%.

The system delivers better efficiencies for Rg = 40 Q as compared with Ry = 6 Q.
For Viy> 42 mV, 1.14.10-ena t€aches a plateau with a value of the order of 83%, with a
peak Heng-ro-ena Of 85% for Vjy = 140 mV. The minimum input voltage required to
achieve a 50% end-to-end efficiency is approximately 10.5 mV. The extraction
efficiency is higher than 95% for the whole range of Vj, validating the MPPT
approach. The maximum output power was 2.8 mW for Vjy = 132 mV and
Ry =06 Q.

Keeping Vs fixed, the efficiency was measured for different load conditions.
Since for light load conditions V7 is kept constant (at around 1 V), a decrease in
both end-to-end and extraction efficiencies is expected when the load current
decreases. Figure 6.43 presents the variation in the end-to-end efficiency with the
load current for four values of Vg with Rg = 40 Q. Two specific regions can be
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Fig. 6.42 Maximum end-to-end and extraction efficiencies vs V;y for different Rg values
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observed. In one region, Vo7 is limited to 1 V, and the efficiency is proportional to
the load current. In the other region, Vop7 is not limited, and thus, the system
maximizes the extraction efficiency. The threshold between the two regions is

indicated for Vg = 20 mV.
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