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Preface

The Internet of Things (IoT) is a pervasive technology that connects everyday
objects with many applications in human life. IoT 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
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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-
uate 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
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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R. L. Radin et al., Ultra-low Voltage Circuit Techniques for Energy Harvesting,
Analog Circuits and Signal Processing, https://doi.org/10.1007/978-3-031-04492-2_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-04492-2_1&domain=pdf
https://doi.org/10.1007/978-3-031-04492-2_1#DOI


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 (PAV) 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 VDD 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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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 (SN). 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 (VTC), which is propor-
tional to the temperature difference between plates, is given by

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/cm2 10 μW/cm2

Ambient light—outdoor 100 mW/cm2 10 mW/cm2

Vibration/motion—human 0.5 mW/cm2 4 μW/cm2

Thermal energy—human 20 mW/cm2 30 μW/cm2

Radiofrequency 0.3 μW/cm2 0.1 μW/cm2
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VTC ¼ SΔT ¼ SP � SNð ÞΔT : ð1:1Þ

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 cm2 (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 Ω. 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 (RS). Under this condition, the voltage obtained at the TEG
terminals is one-half of the TEG open-circuit voltage (VS), as represented in Fig. 1.4.
Therefore, the power delivered to the converter (PIN) equals the available power,
which is given by

Fig. 1.3 Common TEG
construction using
thermocouples in series

Fig. 1.2 The basic structure of a thermocouple
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PAV ¼ V2
S

4RS
: ð1:2Þ

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/cm2 outdoors to values of the order of 10 μW/cm2 indoors [7]. Despite the
reduced harvested power under low illumination, its value is of interest for several

Fig. 1.4 The equivalent electrical circuit of a TEG connected to a step-up voltage converter and the
condition for maximizing the extraction of the available power

Fig. 1.5 Equivalent thermal
circuit of a TEG on the
human body
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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, GaInP, and Si) were tested under
low-irradiance conditions. Both GaAs and GaInP cells outperformed the more
conventional Si-based photovoltaic cells. The highest measured conversion effi-
ciency was close to 27% for the GaInP-based photovoltaic cells.

The equivalent electrical model of a photovoltaic cell is shown in Fig. 1.7
[14]. The current IGEN is dependent on the light radiation. The resistances RS 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.

Fig. 1.7 The equivalent electrical circuit of a photovoltaic cell and the dependence of the converter
input power on its input voltage [14]

Fig. 1.6 Basic photovoltaic
cell structure
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An equivalent electrical model of a piezoelectric transducer is shown in Fig. 1.9
[14], where IPZ 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 (ω0), 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

Fig. 1.8 Basic structure of a
piezoelectric transducer

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]
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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 LS 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

PAV ¼ V2
S

8RS
, ð1:3Þ

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 (WBANs) [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

Fig. 1.10 The equivalent
electrical circuit of an
antenna connected to an
RF/DC converter
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consumption of 50–75 μW. 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 mm3.

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 mm3 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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• 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.

• 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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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 mm2 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

Fig. 1.11 An energy-harvesting interface comprised of a cold starter, the main inductive boost
converter, and the load
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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 (IF) and reverse (IR)
components [50–52]. In the UICM, IF is dependent on both the gate (VG) and source
(VS) voltages, while IR is dependent on both the gate and drain (VD) voltages, or,
algebraically,

ID ¼ IF � IR ¼ I VG,VSð Þ � I VG,VDð Þ: ð1:4Þ

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

The forward and reverse currents can be expressed in terms of the normalized
forward (if) and reverse (ir) components of the drain current [50–52] as

IF Rð Þ ¼ ISi f rð Þ, ð1:5Þ

where
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IS ¼ ISH
W
L

ð1:6Þ

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

ISH ¼ μCoxn
ϕ2
t

2
ð1:7Þ

is the sheet specific current, μ is the carrier mobility, Cox is the oxide capacitance per
unit area, n is the slope factor, and ϕt is the thermal voltage. For a given technology,
ISH 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 (if) and reverse (ir) currents in terms
of the applied voltages are given by the UICM [50–52] as

VP � VS Dð Þ ¼ ϕt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i f rð Þ

q
� 2þ ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i f rð Þ

q
� 1

� �h i
, ð1:8Þ

where VP, the pinch-off voltage, is

VP ffi VG � VT0

n
, ð1:9Þ

and VT0 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 VD. This means
that in saturation, I(VG, VD)�I(VG, VS) or, equivalently, if�ir. Therefore, I(VG, VS)
can be interpreted as the drain current in forward saturation. Similarly, in reverse
saturation, ID 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 if and ir are much less than unity, say 0.1 or
less. In this case, the drain current is approximated as

Fig. 1.12 NMOS transistor
symbol. The drain current is
the algebraic sum of the
forward and reverse currents
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ID ¼ IX e
VP�VSBð Þ

ϕt � e
VP�VDBð Þ

ϕt

� �
¼ IXe

VP�VSBð Þ=ϕt 1� e�VDS=ϕt

h i
, ð1:10Þ

where

IX ¼ μCoxnϕ
2
t e

1 W
L
: ð1:11Þ

Note that for WI, we have VP � VS(D) � � ϕt. From (1.10), we can see that the
current saturates for VDS > 4ϕt at a value equal to

ID ¼ IXe
VP�VSBð Þ=ϕt ffi IXe

VGB�VT0ð Þ
nϕt e�

VSB
ϕt : ð1:12Þ

Figure 1.14 shows the WI characteristics of a long-channel MOSFET [53]. The
drain current increases one decade per 2.3nϕt of increase in the gate voltage and
decreases one decade per 2.3ϕt (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 4ϕt, or around 100 mV at 20 �C.

For strong inversion (SI), VP � VS(D) � ϕt. Thus, the drain current becomes
approximately

ID ¼ μCoxn
W
2L

VP � VSð Þ2 � VP � VDð Þ2
h i

, ð1:13Þ

Fig. 1.13 Output
characteristics of a long-
channel NMOS transistor
for constant VS and VG
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which for n ¼ 1 (negligible body effect) coincides with the usual formula of the
current of MOSFETs given in classical textbooks [5] and reproduced below:

ID ¼ μCox
W
2L

VGS � VT0ð Þ2 � VGD � VT0ð Þ2
h i

: ð1:14Þ

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

gmg ¼ ∂ID
∂VG

, gms ¼ � ∂ID
∂VS

, gmd ¼ ∂ID
∂VD

, gmb ¼ ∂ID
∂VB

: ð1:15Þ

Fig. 1.14 Forward characteristics in weak inversion. (Adapted from [53])

Fig. 1.15 Low-frequency
small-signal model of the
MOSFET
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Using the UICM of expression (1.8), the source and drain transconductances can
be expressed as

gms dð Þ ¼ 2IS
ϕt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i f rð Þ

q
� 1

� �
: ð1:16Þ

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 if(r).

The gate transconductance can be written as

gmg ¼
gms � gmd

n
: ð1:17Þ

For a long-channel MOSFET in saturation, ir� if, and consequently gmgffi gms/n.
Lastly, the bulk transconductance gmb can be calculated from

gms ¼ gmd þ gmg þ gmb: ð1:18Þ

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-
signal MOSFET model. The
complete small-signal
model must include the
extrinsic capacitances
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Cjk ¼ �∂Q j

∂Vk
, ð1:19Þ

where Qj 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 ID through the diode in terms of the diode voltage VD as

ID ¼ ISAT e
VD
nϕt � 1

� �
, ð1:20Þ

where ISAT is the saturation current and n 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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IDS ¼ IXe
�VT0

nϕt e
V
nϕt � e

� n�1ð ÞV
nϕt

h i
: ð1:21Þ

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 VGB ¼ 0, �VSB ¼ �V, and
VDB ¼ 0 yields

IDS ¼ IXe
�VT0

nϕt e
V
ϕt � 1

h i
: ð1:22Þ

As Eq. (1.22) shows, the DTMOS diode behaves as an ideal diode with ideality
factor n¼ 1 for low-voltage operation (weak inversion). As is clear from Eqs. (1.21)
and (1.22), the requirements for a high saturation current of the DTMOS are a low
VT0 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

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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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 ID vs. VDS 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 VGS.

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

Av, cg ¼ gms
gmd

¼ e
VDS
ϕt , ð1:23Þ

and

Av, cs ¼ gm
gmd

¼ gms � gmd
ngmd

¼ e
VDS
ϕt � 1
n

: ð1:24Þ

For the common-source amplifier, the voltage gain equals unity for VDS ¼ (kT/q)
ln(1 + n). On the other hand, the common-gate amplifier provides a voltage gain of
greater than unity for VDS > 0. This property of the common-gate amplifier is very
useful for lowering the supply voltage limit for the operation of oscillators.

Fig. 1.18 Output characteristics of a zero-VT transistor with W/L ¼ 2500 μm/420 nm
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1.6.1 Extraction of the Main MOSFET Parameters

The main parameters of the MOS transistor (VT, IS, and n) used in calculations
throughout this book were extracted using a procedure based on the
transconductance-to-current ratio (gm/ID) [50]. Briefly, VT, IS, and n are extracted
from ID � VG measurements in the circuit shown in the lower part of Fig. 1.19. For
VDS ¼ ϕt/2, VT is the gate voltage at which the condition gm/ID ¼ 0.53.(gm/ID)max
holds. Also, the specific current IS ¼ 1.63I�D, I

�
D being the drain current determined

when VG ¼ VT. Because (gm/ID)max ¼ 1/nϕt, the slope factor n is easily extracted
from the peak of the gm/ID curve and the temperature. Even though n decreases
slightly with the increasing gate voltage, it is assumed to be independent of VG for
the calculations in this book.

Fig. 1.19 Experimental gm/ID curve of a zero-VT transistor with W/L ¼ 1500 μm/420 nm and the
circuit configuration for extracting the main static MOSFET parameters
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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 VD, 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

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 VDD

of 100 mV was presented in [1]. To reduce VDD 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 VDD is achieved using 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
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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 gm and gmd 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 Cgd is
negligible. The transfer function of the single stage in Fig. 2.3 is given by

vout
vin

¼� gm
gmdþGP

1
1� j tanϕ

, ð2:1Þ

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

ϕ ¼ tan �1 1� LCω2

ωL gmd þ GPð Þ
� �

: ð2:2Þ

Fig. 2.2 Schematic of the
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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2.2.1.1 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 2π for the achievement of oscillations, thus requiring
the phase shift introduced by each stage of the XCO to be equal to π. Therefore, from
(2.2), the oscillation frequency ωo is

ωo ¼ 1ffiffiffiffiffiffi
LC

p : ð2:3Þ

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 ωo, the loop gain
calculated from (2.1) is given by

H jωð Þ ¼ � gm
gmd þ GP

� �2

: ð2:4Þ

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

gm
gmd

1
1þ GP

gmd

> 1: ð2:5Þ

Because the relation between source, drain, and gate transconductances (gms, gmd,
and gm, respectively) is gm ¼ (gms � gmd)/n (Chap. 1), the minimum transistor gain
gms/gmd required for oscillation, calculated from (2.5), is

gms
gmd

> 1þ n 1þ GP

gmd

� �
, ð2:6Þ

where n is the transistor slope factor.
The minimum supply voltage required to start up the oscillator (VDD,min) can be

calculated using (2.6) and the expression for the drain-source voltage (VDS) provided
by the MOSFET model described in Chap. 1 given by

VDS

ϕt
¼ ϕt

2IS
gmd

gms
gmd

� 1

� �
þ ln

gms
gmd

: ð2:7Þ

For each transistor in Fig. 2.1, the DC voltages are VS ¼ VB ¼ 0 and
VG ¼ VD ¼ VDD. Because VDS (¼ VDD), given by (2.7), is a monotonic function of
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the gms/gmd ratio, the minimum supply voltage required to start up the oscillator is
calculated by substituting (2.6) into (2.7), yielding

VDD,min ¼ ϕ2
t

2IS
ngmd 1þ GP

gmd

� �
þ ϕt ln 1þ n 1þ GP

gmd

� �� �
: ð2:8Þ

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

VDD, lim ¼ ϕt ln 1þ n½ �: ð2:9Þ

If n ¼ 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 VDD,min, 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 ( fosc), 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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summarized in Table 2.1. Differences between the simulated and experimental
values of the DC current (IDC) at VDD ¼ 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 VDD ¼ VDD,min ¼ 45.3 mV. The spectrum of the signal
generated by the XCO for VDD ¼ 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 VDD ¼ 50 mV.

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

W/L ¼ 30 � 6μm/0.42 μm L ¼ 108 nH VDD,min ¼ 38 mV VDD,min ¼ 45.3 mV

VT ¼ 53 mV Q ¼ 7.9 fosc ¼ 467 MHz fosc ¼ 410 MHz

IS ¼ 75 μA SRF ¼ 1.1 GHz IDC ¼ 0.14 mA IDC ¼ 0.26 mA

gmd ¼ 2.06 mA/V
agmd and IDC were determined at VDD ¼ 30 mV and 50 mV, respectively
bL was simulated at 460 MHz

Fig. 2.4 Micrograph of the two-stage XCO in the 130-nm technology
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The deviations of the minimum supply voltage, oscillation frequency, and DC
power consumption (measured at VDD ¼ VDD,min) were determined from the mea-
surements taken for five samples. The slight variation of the oscillation frequency
with VDD is due to the nonlinear capacitances of the MOSFET. The maximum
deviation of VDD,min 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 μW 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.

Fig. 2.5 (a) Experimental waveforms at the buffer outputs for VDD ¼ 45.3 mV and (b) spectral
diagram of the cross-coupled oscillator signal for VDD ¼ 50 mV

Fig. 2.6 Experimental
peak-to-peak output voltage
and oscillation frequency of
the XCO versus VDD
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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 VDD,min 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 RS2 is the series resistance of inductor L2,GP1 is the parallel
conductance of L1, and the other symbols have the same meaning as in Fig. 2.3. To
simplify the analysis, the transistor capacitance Cgd was not taken into account.

The transfer function of the single stage in Fig. 2.8 is

vout
vin

¼ � jωgmL1

jωðgmd þ GP1ÞL1½1� ω2L2C þ RS2C=L1
ðgmdþGP1Þ� � ω2L1C½1þ ðgmd þ GP1ÞRS2 þ L2=L1� þ 1

ð2:10Þ

The condition of loop phase shift equal to a multiple of 2π for oscillation requires
the phase shift between the two stages of the circuit in Fig. 2.7 to be equal to π,
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 π between vout and vin is that the imaginary
part of (2.10) equals zero. Therefore,

Fig. 2.7 Schematic
diagram of a two-stage
ES-XCO
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ωo ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1C 1þ L2=L1 þ RS2 gmd þ GP1ð Þ½ �p , ð2:11Þ

which, for lossless inductors, reduces to

ωo ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1 þ L2ð ÞCp : ð2:12Þ

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

gm > gmd þ GP1ð Þ 1� L2Cω
2
o

� �þ RS2C
L1

� �
: ð2:13Þ

Because gm ¼ (gms � gmd)/n (see Chap. 1), (2.13) can be rewritten as

gms
gmd

> 1þ n 1þ GP1

gmd

� �
1� L2Cω

2
o

� �þ RS2C
L1gmd

� �
: ð2:14Þ

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

gms
gmd

> 1þ n½ L1
L1 þ L2

�: ð2:15Þ

Fig. 2.8 Schematic and
simplified small-signal
model of a single stage of
the ES-XCO
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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 VS ¼ VB ¼ 0 and
VG ¼ VD ¼ VDD. For a fixed gmd, the minimum VDS (¼ VDD) is reached combining
the equation for the minimum gms/gmd ratio given in (2.14) and the expression for the
drain-source voltage (VDS) in Chap. 1. Thus, for operation in weak inversion, the
limit value for the minimum supply voltage is given by

VDD, lim ¼ ϕt ln 1þ n
L1

L1 þ L2

� �
: ð2:16Þ

If L2 � L1, the voltage gain of the transistor can be (much) lower than unity.
Thus, for high values of L2/L1, 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

vout
vin

¼ � gm

gmd þ GP1 þ 1
sL1

	 

sC þ Goð Þ sL2 þ RS2ð Þ þ 1½ � þ sC þ Go

: ð2:17Þ

where Go 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

ωo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

GoRS2 þ 1
L1 þ L2ð ÞC þ L1 RS2C þ L2Goð Þ gmd þ GP1ð Þ

r
, ð2:18Þ

which reduces to

ωo ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1 þ L2ð ÞC þ L1L2Gogmd

p ð2:19Þ

for negligible inductor losses. The greater-than-unity gain required for oscillations is
achieved for
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gm > gmd 1� L2Cω
2
oþ

� �þ Go 1þ L2
L1

� �
, ð2:20Þ

which can be written in terms of gms and gmd as

gms
gmd

> 1þ n
gmd

gmd 1� L2Cω
2
o

� �þ Go 1þ L2
L1

� �� �
: ð2:21Þ

Finally, disregarding the inductor losses, assuming n ¼ 1 and substituting (2.19)
into (2.21), the minimum transistor gain required for oscillation can be written as

gms
gmd

> 2� L2C
L1 þ L2ð ÞC þ L1L2Gogmd

þ Go

gmd
1þ L2

L1

� �
: ð2:22Þ

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

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

2.3 The Enhanced-Swing Cross-Coupled Oscillator 35



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 ¼ 1500 μm/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 � 5 μm-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

Fig. 2.10 Calculated
oscillation frequency
normalized to ωn ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1 þ L2ð ÞCp

and
minimum transistor gain as a
function of the output
conductance. L1 ¼ 9.5 μH,
L2 ¼ 950 μH (both with
Q ¼ 80) and C ¼ 3 pF
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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 ¼ 1 MΩ and C ¼ 2 pF.

Fig. 2.11 The ES-XCO
with off-the-shelf inductors

Fig. 2.12 Experimental gate voltages of the ES-XCO for (a) VDD ¼ 3.7 mV and (b) VDD¼ 4.7 mV

Fig. 2.13 Simulated and
experimental peak-to-peak
gate voltage vs. supply
voltage of the ES-XCO

2.3 The Enhanced-Swing Cross-Coupled Oscillator 37



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 KL ¼ L2/L1
ratio (around 4) targeting the reduction of gms/gmd and, consequently, the reduction
of VDD,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 � 20 μm 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 VDD ¼ 30 mV can be seen in Fig. 2.16b.

Fig. 2.14 Picture of the discrete prototype of the ES-XCO and test equipment
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The dependence of both the amplitude and frequency of the ES-XCO on the
supply voltage VDD can be seen in Fig. 2.17. For VDD ¼ 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.

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 L1 Inductor L2 Simulated Experimental

W/
L ¼ 25 � 20μm/
0.42 μm

L ¼ 19 nH L ¼ 80 nH VDD,

min ¼ 29 mV
VDD,

min ¼ 30 mV

VT ¼ 46 mV Q ¼ 8.7 Q ¼ 7.9 fosc ¼ 410 MHz fosc ¼ 340 MHz

IS ¼ 225 μA SRF ¼ 6.2 GHz SRF ¼ 1.2 GHz IDC ¼ 0.72 mA IDC ¼ 0.86 mA

gmd ¼ 7 mA/V
agmd and IDC were obtained at VDD ¼ 30 mV and 50 mV, respectively
bL1 and L2 were simulated at 460 MHz

Fig. 2.15 Micrograph of
the two-stage ES-XCO in
the 130-nm technology
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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 2VDD (supply-limited region), which is an impor-
tant drawback of the Colpitts oscillator in Fig. 2.18.

Fig. 2.17 Experimental
peak-to-peak output voltage
and frequency of the
ES-XCO as a function of
VDD

Fig. 2.16 (a) Waveforms at the output of the voltage buffers for VDD ¼ 32 mV and (b) spectral
diagram for the ES-XCO with VDD ¼ 30 mV
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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 VDD 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 C2. G1 and G2 model the losses of
inductors L1 and L2, respectively.

Fig. 2.18 Conventional
Colpitts oscillator

Fig. 2.19 (a) Schematic of
the ESCO and (b) its small-
signal model
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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 L1 and an equivalent capacitance Ceq given by

Ceq ¼ C1C0
2

C1 þ C0
2
, ð2:23Þ

where

C0
2 ¼ C2 � 1

ω2
oL2

ð2:24Þ

is the equivalent capacitance of the L2C2-tank at the oscillation frequency ωo, which
can be determined from

ω2
oL1Ceq ¼ 1: ð2:25Þ

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

Ceq ¼
C1 þ C2ð ÞkL þ C1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1 þ C2ð ÞkL � C1½ �2 þ 4kLC2

1

q
2

, ð2:26Þ

where kL ¼ L2/L1.

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 ωo, the relationship between the source
and drain voltages is

vd
vs

¼ a ffi � L1
L2

1� ω2
oL2C2

� � ¼ C2

Ceq
� L1
L2

, ð2:27Þ

where vd and vs 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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a ¼ uþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ L1

L2

r
, ð2:28Þ

where

u ¼ 1
2

1þ C2

C1
� L1
L2

� �
: ð2:29Þ

To achieve high swing with low supply voltages, the value of amust be relatively
close to unity, i.e., C2/C1 � 1. In this case, (2.28) can be approximated as

aC2�C1 ¼ 1þ C2=C1

1þ L1=L2
: ð2:30Þ

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.

gms
gmd

> aþ a2

a� 1ð Þ
G1

gmd
þ 1

a� 1ð Þ
G2

gmd
: ð2:31Þ

The curves in Fig. 2.21 represent the minimum gain gms/gmd calculated from
(2.31) for the case in which G1 ¼ G2 ¼ 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 aopt that mini-
mizes the right-hand side of (2.31) is

aopt ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1 þ G2

G1 þ gmd

r
: ð2:32Þ

From (2.30) and (2.32), after selecting gmd, L1, and L2, and assuming that the
quality factors of the inductors are equal, i.e., G1/G2 ¼ L2/L1, the C2/C1 ratio that
minimizes the voltage gain required for oscillation is given by

Fig. 2.20 ESCO with
capacitive divider modeled
as a transformer
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C2

C1

����
opt

¼ 1þ L1
L2

� �3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1=gmd

1þ G1=gmd

s
: ð2:33Þ

The substitution of (2.32) into (2.31) yields the optimized minimum value for the
intrinsic gain

gms
gmd

> 1þ 2
G1

gmd
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ L1

L2

� �
1þ G1

gmd

� �
G1

gmd

s
: ð2:34Þ

2.4.1.3 Minimum Supply Voltage for Oscillation Startup

The DC values of the MOSFET terminal voltages are VS ¼ VB ¼ 0 and
VG ¼ VD ¼ VDD. For a fixed gmd, the minimum VDS (¼ VDD) is reached by
combining the equation of the minimum transistor gain and the expression for the
drain-source voltage (VDS) provided in Chap. 1, which, along with G1/G2 ¼ L2/L1,
yields

VDD,min ¼ ϕ2
t

2IS
gmd 2

G1

gmd
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ L1

L2

� �
1þ G1

gmd

� �
G1

gmd

s" #

þ ϕt ln 1þ 2
G1

gmd
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ L1

L2

� �
1þ G1

gmd

� �
G1

gmd

s" #
: ð2:35Þ

Fig. 2.21 Minimum
transistor intrinsic gain to
start up oscillations versus
C2/C1 ratio for L1 ¼ L2, with
G/gmd as a parameter
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For C2/C1 � 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

VDD, lim ¼ ϕt ln að Þ ¼ ϕt ln 1þ C2=C1

1þ L1=L2

� �
: ð2:36Þ

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 VDD 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 C1 � C2, the approximate value for C2 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 C1.
Transistor capacitances, measured for VG ¼ VD ¼ 20 mV and VS ¼ 0, are negligible
in comparison with C1 and C2. 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 C1 ¼ 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 VDD ¼ 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 C2/C1
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ratios (i.e., below approximately 10�2). Four experimental values, C2/C1 ¼ 0.12,
0.22, 0.25, and 0.29, represented by the triangles, show acceptable agreement with
the simulation results. For C2/C1 ¼ 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

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 C1 are
given in the text
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transistor (W/L ¼ 300 � 5 μm/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 C1 and C2

were set to 6 pF and 3.5 pF, respectively.

Fig. 2.23 Drain voltage waveform for VDD¼ 15 mV, C1¼ 1.54 nF, C2¼ 0.44 nF, and temperature
of around 23 	C

Fig. 2.24 VDD,min versus
C2/C1 for the ESCO in
Fig. 2.22. Details for the
values of C1 and C2 are
given in the text
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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.

Fig. 2.25 Simulated
(curves) and experimental
(symbols) peak-to-peak
oscillation amplitude at the
drain versus supply voltage
for C2/C1 ¼ 0.29 and 0.12

Fig. 2.26 Schematic diagram of the fully integrated ESCO and the voltage buffer
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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 2kT/q (two times the
thermal voltage) and fewer components.

Fig. 2.27 Micrograph of the fully integrated ESCO built in the IBM 130-nm technology

Fig. 2.28 Setup used for the measurements of the fully integrated ESCO, operating with
VDD ¼ 86 mV
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Table 2.3 Comparison between the XCO, ES-XCO, and ESCO topologies

XCO ES-XCO ESCO

VDD,

lim/ϕt

ln(1 + n) ln 1þ nL1
L1þL2

	 

ln 1þ C2=C1

1þL1=L2

	 

ωo 1=

ffiffiffiffiffiffi
LC

p
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C L1 þ L2ð Þp

1=
ffiffiffiffiffiffiffiffiffiffiffiffi
CeqL1

p
Design Easiest: “ratio-less”

design
Intermediate: L1/L2
ratio

Hardest: L1/L2 and C2/C1 ratios

Area Intermediate, at least two
inductors

Large, at least four
inductors

Intermediate, two inductors and
two capacitors

Table 2.4 Comparison between the ULV oscillators designed in this study

Devices Experimental

Fully integrated XCO W/L ¼ 30 � 6μm/0.42 μm VDD,min ¼ 46 mV

L ¼ 108 nH Q ¼ 7.9 VPP ¼ 68 mV

fosc ¼ 410 MHz

IDC ¼ 0.26 mA

*L simul. at 460 MHz; VPP, IDC meas. at VDD ¼ 50 mV

Fully integrated ES-XCO W/L ¼ 25 � 20μm/0.42 μm VDD,min ¼ 30 mV

L1 ¼ 19 nH L2 ¼ 80 nH VPP ¼ 290 mV

Q1 ¼ 8.7 Q2 ¼ 7.9 fosc ¼ 340 MHz

IDC ¼ 0.86 mA

*L simul. at 400 MHz; VPP, IDC meas. at VDD ¼ 50 mV

ES-XCO off-the-shelf W/L ¼ 300 � 5μm/0.42 μm VDD,min ¼ 3.5 mV

L1 ¼ 4.6 μH L2 ¼ 1.2 mH VPP ¼ 1.44 V

Q1 ¼ 55 Q2 ¼ 60 fosc ¼ 1.1 MHz

*L simul. at 1 MHz; VPP, meas. at VDD ¼ 20 mV

Fully integrated ESCO W/L ¼ 300 � 5μm/0.42 μm VDD,min ¼ 86 mV

L1 ¼ 13.6 nH L2 ¼ 24.2 nH fosc ¼ 706 MHz

Q1 ¼ 13.9 Q2 ¼ 13.3 IDC ¼ 3 mA

C1 ¼ 6 pF C2 ¼ 3.5 pF

*L simul. at 800 MHz; IDC meas. at VDD ¼ 100 mV

ESCO off-the-shelf W/L ¼ 500 � 5μm/0.42 μm VDD,min ¼ 15 mV

L1 ¼ 9.8 mH L2 ¼ 9.8 nH VPP ¼ 640 mV

Q1 ¼ 90 Q2 ¼ 90 fosc ¼ 110 kHz

C1 ¼ 1.54 nF C2 ¼ 440 pF

*L simul. at 100 kHz; VPP, meas. at VDD ¼ 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 VDD,min,
which is feasible with discrete components but can be hard to achieve in integrated
implementations.

References

1. J.B. Burr, J. Shott, A 200 mV self-testing encoder/decoder using Stanford ultra-low-power
CMOS, in Proceedings of IEEE International Solid-State Circuits Conference – ISSCC, pp. 84–
85, San Francisco, 1994

2. P.-H. Chen, X. Zhang, K. Ishida, Y. Okuma, Y. Ryu, M. Takamiya, T. Sakurai, An 80 mV
startup dual-mode boost converter by charge-pumped pulse generator and threshold voltage
tuned oscillator with hot carrier injection. IEEE J. Solid State Circuits 47(11), 2554–2562
(2012)

3. T.A.S. Bose, M.L. Johnston, Integrated cold start of a boost converter at 57 mV using cross-
coupled complementary charge pumps and ultra-low-voltage ring oscillator. IEEE J. Solid State
Circuits 54(10), 2867–2878 (2019)

4. L.A.P. Melek, M.C. Schneider, C. Galup-Montoro, Operation of the classical CMOS Schmitt
trigger as an ultra-low-voltage amplifier. IEEE Trans. Circuits Syst. II Express Briefs 65(9),
1239–1243 (2018)

5. M. Siniscalchi, F. Silveira, C. Galup-Montoro, Ultra-low-voltage CMOS crystal oscillators.
IEEE Trans. Circuits Syst. I Regul. Pap. 67(6), 1846–1856 (2020)

6. C. Galup-Montoro, M.C. Schneider, M.B. Machado, Ultra-low-voltage operation of CMOS
analog circuits: Amplifiers, oscillators and amplifiers. IEEE Trans. Circuits Syst. II Express
Briefs 59, 932–936 (2012)

7. F.R. de Sousa, M.B. Machado C. Galup-Montoro, A 20 mV Colpitts oscillator powered by a
thermoelectric generator, in IEEE International Symposium on Circuits and Systems (ISCAS),
Seoul, Korea (South), 2012

8. M.B. Machado, M.C. Schneider, D.L. Novack, C. Galup-Montoro, Analysis and design of a
fully-integrated Colpitts oscillator operating at ultra-low-voltages. Analog Integr. Circ. Sig.
Process 85, 27–36 (2015)

9. M.B. Machado, M.C. Schneider, C. Galup-Montoro, On the minimum supply voltage for
MOSFET oscillators. IEEE Trans. Circuits Syst. I Regul. Pap. 61(2), 347–357 (2014)

10. M.B. Machado, F. Nornberg, M. Sawan, C. Galup-Montoro, M.C. Schneider, Analysis and
design of the Dickson charge pump for sub-50 mV energy harvesting. Elsevier
Microelectron. J. 90, 253–259 (2019)

11. B. Lim, J. Seo, S. Lee, A Colpitts oscillator-based self-starting boost converter for thermoelec-
tric energy harvesting with 40-mV startup voltage and 75% maximum efficiency. IEEE J. Solid
State Circuits 53, 3293–3302 (2018)

12. D. Rozgić, D. Marković, A miniaturized 0.78-mW/cm2 autonomous thermoelectric energy-
harvesting platform for biomedical sensors. IEEE Trans. Biomed. Circuits Syst. 11(4), 773–783
(2017)

13. H. Fuketa, S.-I. O’uchi, T. Matsukawa, Fully integrated, 100-mV mini-mum input voltage
converter with gate-boosted charge pump kick-started by LC oscillator for energy harvesting.
IEEE Trans. Circuits Syst. II Express Briefs 64(4), 392–396 (2017)

14. 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)

References 51



15. A.K. Sinha, R.L. Radin, D.D. Caviglia, C.G. 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

16. M.B. Machado, M. Schneider, C. Galup-Montoro, Fully integrated inductive ring oscillators
operating at VDD below 2kT/q. Analog Integr. Circ. Sig. Process 82, 5–15 (2015)

17. J.D. Meindl, J.A. Davis, The fundamental limit on binary switching energy for terascale
integration TSI. IEEE J. Solid State Circuits 35(10), 1515–1516 (2000)

18. M.B. Machado, M.C. Schneider, C. Galup-Montoro, Analysis and design of ultra-low-voltage
inductive ring oscillators for energy-harvesting applications, in IEEE 4th Latin American
Symposium on Circuits and Systems (LASCAS), Cusco, Peru, 2013

19. O. Momeni, E. Afshari, High power terahertz and millimeterwave oscillator design: A system-
atic approach. IEEE J. Solid State Circuits 46, 583–597 (2011)

20. R. Sujiang, H.C. Luong, Design and analysis of varactor-less. IEEE J. Solid State Circuits
46(8), 1810–1819 (2011)

21. K. Kwok, H.C. Luong, Ultra-low-voltage high-performance CMOS VCOs using transformer
feedback. IEEE J. Solid State Circuits 40(3), 652–660 (2005)

22. H.-H. Hsieh, L.-H. Lu, A high-performance CMOS voltage controlled oscillator for ultra-low-
voltage operations. IEEE Trans. Microwave Theory Techn. 55(3), 467–473 (2007)

23. T.W. Brown, F. Farhabakhshian, A.G. Roy, T.S. Fiez, K. Mayaram, A 475mV, 4.9 GHz
enhanced swing differential Colpitts VCO in 130 nm CMOS with an FoM of
192 dBc/Hz. IEEE J. Solid State Circuits 46(8), 1782–1795 (2011)

24. S.-L. Jang, C.-F. Lee, A low voltage and power LC VCO implemented with dynamic threshold
voltage MOSFETS. IEEE Microwave Wireless Compon. Lett. 17(5), 376–378 (2007)

25. K.K. Clarke, D.T. Hess, Communication Circuits: Analysis and Design (Krieger Publishing
Company, Malabar, 1971)

52 2 Ultra-Low-Voltage Oscillators



Chapter 3
Rectifier Analysis for Ultra-Low-Voltage
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 kT/q to the higher levels
(VDD > 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:
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(i) the circuits operate in a steady state;
(ii) 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 � V relation is modeled by the Shockley equation

given by

ID ¼ ISAT eVD=nϕt � 1
� �

, ð3:1Þ

where ISAT is the diode saturation current, n is the diode ideality factor, ϕt is the
thermal voltage, and VD 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 IL [4], i.e.,

IL ¼ 1
T

Z T
2

�T
2

IDdt: ð3:2Þ

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

VOUT

VD

C
  

-T/2 T/20

VP

-VP

-2VP +VON

VON

Input square-wave voltage (Vϕ)

Diode voltage waveform (VD)

 

t

IL
 

t

VP -VON 

t

Output voltage  (VOUT)

DVϕ

Fig. 3.1 Basic half-wave rectifier along with the voltage waveforms
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1þ IL
ISAT

� �
T ¼

Z 0

�T
2

e
VON�2VP

nϕt

� �
dt þ

Z T
2

0
e

VON
nϕt

� �
dt: ð3:3Þ

From (3.3), the diode forward voltage drop can be expressed as

VON ¼ VP � nϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:4Þ

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 ISAT). For the case of VP/nϕt� 1, Eq. (3.4) can be simplified
to

VON ffi nϕt ln 2 1þ IL=ISATð Þ: ð3:5Þ

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

VOUT ¼ VP � VON ¼ nϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:6Þ

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
of the half-wave rectifier
output voltage (VP/nϕt is a
logarithmically spaced
vector ranging from 0.1 to
15)
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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

IC ffi � IL þ ISATð Þ, ð3:7Þ

where ISAT stands for the diode current leakage. The approximation of (3.7) is valid
for VP/nϕt � 1. In the time interval from �T/2 to 0, the voltage variation ΔV across
the capacitor is calculated as

ΔV ¼ � 1
C

Z 0

�T
2

IL þ ISATð Þdt ¼ � IL þ ISATð ÞT
2C

: ð3:8Þ

The percentage ripple voltage at the output is

ΔV
VOUT

¼ 100
ðIL þ ISATÞT
2CVOUT

: ð3:9Þ

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 S1 and S2 are controlled by a clock
signal that sets two alternating phases of operation. During phase ϕ1, S1 is closed and
S2 is open; thus, the capacitor C1 is charged with C1VDD. During phase ϕ2, only S2 is
closed, and charge redistribution between C1 and C2, which are now in series,
occurs. For the ideal and unloaded circuit of Fig. 3.3 and assuming that VOUT(0)¼ 0,
after the first clock cycle, VOUT ¼ 2VDDC1/(C1 + C2). After a few clock cycles, the
system reaches a steady state, and VOUT tends towards 2VDD.

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

VOUT ¼ VIN þ 4VP � 3VON , ð3:10Þ

where VON is the diode forward voltage drop, and VP is the peak voltage of the clock
signal.
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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 VON 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 D1 and DN differ
from those across the intermediate diodes because one of the terminals of both the

Fig. 3.3 Basic voltage
doubler

Fig. 3.4 Dickson charge pump along with an indication of the nodal voltages
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leftmost and rightmost diodes is connected to the DC nodes (VIN and VOUT, respec-
tively). For this reason, the forward voltage drops across D1 and DN are the same
(VON1 ¼ VON,N). For the other diodes, the forward voltage drop across them will be
the same (VON2 ¼ . . . ¼ VON,N � 1). Thus, the DC output voltage of the DCP [8] is

VOUT ¼ VIN þ N � 1ð Þ2VP � 2VON1 � N � 2ð ÞVON2, ð3:11Þ

where N is the number of diodes.
To calculate the forward voltage across the diodes, VON1 and VON2, 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 IL (see Eq. 3.2), the forward voltage drops VON1 and
VON2 across D1 and D2 (Fig. 3.5) are calculated, respectively, by

1þ IL
ISAT

� �
T ¼

Z 0

�T
2

e
VON1
nϕt

� �
dt þ

Z T
2

0
e

VON1�2VP
nϕt

� �
dt, ð3:12Þ

1þ IL
ISAT

� �
T ¼

Z 0

�T
2

e
VON2
nϕt

� �
dt þ

Z T
2

0
e

VON2�4VP
nϕt

� �
dt, ð3:13Þ

resulting in

Fig. 3.5 Dickson charge pump and voltage waveforms across the diodes
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VON1 ¼ VP � nϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
, ð3:14Þ

VON2 ¼ 2VP � nϕt ln
cosh 2VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:15Þ

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

VOUT ¼ VIN þ 2nϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	

þ N � 2ð Þnϕt ln
cosh 2VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:16Þ

For the case of VP/nϕt � 1, Eq. (3.16) can be simplified to

VOUT ¼ VIN þ 2VP N � 1ð Þ � Nnϕt ln 2 1þ IL=ISATð Þ: ð3:17Þ

The output voltage calculated with (3.16) is plotted in Fig. 3.6 as a function of the
normalized load current IL/ISAT, with the number of stages as a parameter, for a peak-
to-peak input voltage equal to 180 mV. In this figure, VIN ¼ 30 mV and
nϕt ¼ 25.7 mV.

Fig. 3.6 Output voltage
(VOUT) vs. the load current
normalized to the saturation
current (IL/ISAT) (N ranges
from 3 to 9, VIN ¼ 30 mV
and VP ¼ 90 mV)
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3.2.2 Dickson Charge Pump Power Conversion Efficiency

The power conversion efficiency is defined as

ηCONV ¼ POUT

PIN
¼ POUT

POUT þ PLOSS
: ð3:18Þ

Recalling that the voltage waveforms across D1 and DN differ from those across
the intermediate diodes (see Fig. 3.5), the power loss (PLOSS) of the DCP is given by

PLOSS ¼ 2PD1 þ N � 2ð ÞPD2, ð3:19Þ

where PD1 stands for the power losses of D1 and DN, and PD2 represents the power
losses of the intermediate diodes. The detailed analysis provided in the Appendix
gives the following results for PD1 and PD2

PD1 ¼ ISAT þ ILð ÞVP tanh
VP

nϕt

� �
� ILnϕt ln

cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
, ð3:20Þ

PD2 ¼ ISAT þ ILð Þ2VP tanh
2VP

nϕt

� �
� ILnϕt ln

cosh 2VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:21Þ

Because POUT ¼ VOUT IL, the input power of an N-stage DCP can be calculated
using (3.20) and (3.21), yielding

PIN ¼ ILVIN þ ISAT þ ILð Þ2VP tanh
VP

nϕt

� �
þ N � 2ð Þ tanh 2VP

nϕt

� �� 	
: ð3:22Þ

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

ηCONV ¼
VIN þ 2nϕt ln

cosh VP=nϕtð Þ
1þIL=ISAT

h i
þ N � 2ð Þnϕt ln

cosh 2VP=nϕtð Þ
1þIL=ISAT

h i

VIN þ 1þ ISAT
IL

� �
2VP tanh VP

nϕt

� �
þ N � 2ð Þ tanh 2VP

nϕt

� �h i : ð3:23Þ

For the case of VP/nϕt � 1, and VIN ¼ 0, expression (3.23) can be written as

ηCONV ffi N � 1ð Þ � Nnϕt
VP

ln 2 1þ IL=ISATð Þ
N � 1ð Þ 1þ ISAT

IL

� � : ð3:24Þ

Figure 3.7 shows the theoretical PCE (3.23) as a function of the normalized load
current IL/ISAT. As can be seen, the PCE is strongly dependent on the load current.
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Also, for a given IL and VP, there is an optimum value for the diode saturation current
that maximizes the power conversion efficiency, which is given [8] by

ISAT ,opt ¼ IL
Nnϕt

VOUT
: ð3:25Þ

Expression (3.25) was derived assuming VIN ¼ 0 V. This is a reasonable
approximation, since in general VIN � VOUT, and the contribution of VIN 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.

C
O

N
V

Fig. 3.7 Theoretical power
conversion efficiency vs IL/
ISAT (VIN ¼ 50 mV,
VP ¼ 2VIN, nϕt ¼ 25.7 mV)

Fig. 3.8 Equivalent
electrical circuit of the DCP
including the resistance seen
by the oscillator
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RIN ¼ V2
P

PIN=2
: ð3:26Þ

Substituting (3.22) into (3.26) and disregarding the term related to the DC input
voltage (VIN ¼ 0) yield

RIN ¼ VP

ISAT þ ILð Þ tanh VP
nϕt

� �
þ N � 2ð Þ tanh 2VP

nϕt

� �h i : ð3:27Þ

For VP/nϕt � 1, we can simplify (3.27) to

RIN ¼ VP

ISAT þ ILð Þ N � 1ð Þ : ð3:28Þ

The expressions for VOUT, PCE and RIN 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 (IL). For identical
diodes, the output voltage of the circuit can be written as VOUT ¼ 2VP – 2VON. The
voltage drop VON 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

Fig. 3.9 Schematic of a single-stage voltage doubler and the voltage waveform across the devices
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VOUT ¼ 2nϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:29Þ

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

VOUT ¼ 2Nnϕt ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
, ð3:30Þ

which, for VP/nϕt � 1, becomes

VOUT ¼ 2N VP � nϕt ln 2 1þ IL=ISATð Þ½ �,

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 IL, the power
loss in each diode (PD) is the same. Thus, the power conversion efficiency of the
voltage multiplier is given by

ηCONV ¼ POUT

PIN
¼ POUT

POUT þ 2NPD
: ð3:31Þ

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

PD ¼ ISAT þ ILð ÞVP tanh
VP

nϕt

� �
� ILnϕt ln

cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:32Þ

Fig. 3.10 Schematic of N-stage voltage multiplier
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Therefore, using (3.30) and (3.32), ηCONV can be expressed as

ηCONV ¼ nϕt=VP

1þ ISAT
IL

� �
tanh VP

nϕt

� � ln
cosh VP=nϕtð Þ
1þ IL=ISAT

� 	
: ð3:33Þ

Figure 3.11 presents the behavior of the ηconv values in terms of IL/ISAT with VP/
nϕt as a parameter. As can be seen, for a given peak amplitude, there is an IL/ISAT
value that maximizes the PCE. The best ISAT value is given [4] by (3.34).

ISAT ,opt ¼ IL
2Nnϕt

VOUT
: ð3:34Þ

3.3.2 The Voltage Multiplier Input Resistance

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

RIN ¼ V2
P

PIN
¼ V2

P

POUT þ 2NPD
: ð3:35Þ

The substitution of (3.32) into (3.35) yields

Fig. 3.11 Theoretical
power conversion efficiency
curves of the N-stage
voltage multiplier in terms
of IL/ISAT (VP/nϕt is a
logarithmically spaced
vector ranging from 0.1 to
15)

64 3 Rectifier Analysis for Ultra-Low-Voltage Operation



RIN ¼ VP

2N ISAT þ ILð Þ tanh VP
nϕt

� � : ð3:36Þ

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 IL/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

VON ¼ VP � nϕt ln
cosh VP=nϕtð Þ
1þ IL=2ISAT

� 	
: ð3:37Þ

Because VOUT ¼ 2VP – 2VON, from (3.37), the output voltage of the single-stage
full-wave multiplier of Fig. 3.13 is given by

VOUT ¼ 2nϕt ln
cosh VP=nϕtð Þ
1þ IL=2ISAT

� 	
, ð3:38Þ

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

Fig. 3.12 Equivalent
electrical circuit of the
voltage multiplier including
the resistance seen by the
oscillator
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VOUT ¼ 2Nnϕt ln
cosh VP=nϕtð Þ
1þ IL=2ISAT

� 	
: ð3:39Þ

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 VA demonstrated in [4], we have

I0 VA=nϕtð Þ ! cosh VP=nϕtð Þ ð3:40Þ

and

I1 VA=nϕtð Þ
I0 VA=nϕtð Þ ! tanh VP=nϕtð Þ, ð3:41Þ

where I0(z) and I1(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 va¼ VA/nϕt.

Fig. 3.13 Schematic of the
single-stage full-wave
voltage multiplier
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Appendix: Dickson Charge-Pump Diode Power Losses

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

PD1 ¼ 1
T

Z T
2

�T
2

VD1ID1dt ¼ 1
T

Z T
2

�T
2

VD1ISAT eVD1=nϕt � 1
� �

dt ð3:42Þ

For the voltage waveform of VD1 presented in Fig. 3.5, (3.42) can be written as

Table 3.1 Main design expressions for the half-wave rectifier, DCP, half-wave voltage multiplier,
and full-wave voltage multiplier

Half-wave rectifier VOUT ¼ nϕt ln
I0 vað Þ

1þIL=Isat

h i
ηCONV ¼ nϕt=VA

1þIsat
IL

� �
I1 vað Þ
I0 vað Þ

h i ln I0 vað Þ
1þIL=Isat

h i

RIN ¼ VA=
ffiffi
2

pð Þ2
Pin

¼ VA
2 IsatþILð Þ

I0 vað Þ
I1 vað Þ
h i

Optimization Isat,opt ¼ IL
nϕt
VOUT

Dickson charge pump VOUT ¼ VIN þ 2nϕt ln
I0 vað Þ

1þIL=Isat

h i
þ N � 2ð Þnϕt ln

I0 2vað Þ
1þIL=Isat

h i
ηCONV ¼

Vinþ2nϕt ln
I0 vað Þ

1þIL=Isat

h i
þ N�2ð Þnϕt ln

I0 2vað Þ
1þIL=Isat

h i

Vinþ 1þIsat
IL

� �
2VA

I1 vað Þ
I0 vað Þþ N�2ð ÞI1 2vað Þ

I0 2vað Þ

h i
RIN ¼ VA=

ffiffi
2

pð Þ2
Pin=2

¼ VA

2 IsatþILð Þ I1 vað Þ
I0 vað Þþ N�2ð ÞI1 2vað Þ

I0 2vað Þ

h i
Optimization Isat,opt ¼ IL

Nnϕt
VOUT

Half-wave voltage
multiplier

VOUT ¼ 2Nnϕt ln
I0 vað Þ

1þIL=Isat

h i
ηCONV ¼ nϕt=VA

1þIsat
IL

� �
I1 vað Þ
I0 vað Þ

h i ln I0 vað Þ
1þIL=Isat

h i

RIN ¼ VA=
ffiffi
2

pð Þ2
Pin

¼ VA
4N IsatþILð Þ

I0 vað Þ
I1 vað Þ
h i

Optimization Isat,opt ¼ IL
2Nnϕt
VOUT

Full-wave voltage
multiplier

VOUT ¼ 2Nnϕt ln
I0 vað Þ

1þIL=2Isat

h i
ηCONV ¼ nϕt=VA

1þ2Isat
IL

� �
I1 vað Þ
I0 vað Þ

h i ln I0 vað Þ
1þIL=2Isat

h i

RIN ¼ VA=
ffiffi
2

pð Þ2
Pin=2

¼ VA
4N IsatþIL=2ð Þ

I0 vað Þ
I1 vað Þ
h i
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PD1 ¼ 1
T

Z 0

�T
2

VON1ISAT e
VON1
nϕt � 1

� �
dt

þ 1
T

Z T
2

0

VON1 � 2VPð ÞISAT e
VON1�2VP

nϕt � 1
� �

dt
: ð3:43Þ

Using (3.14), after some algebra, the value of PD1 can be rewritten as

PD1 ¼ IL VON1 � VPð Þ þ ISAT þ ILð ÞVP tanh
VP

nϕt

� �
: ð3:44Þ

Finally, combining (3.14) with (3.44) results in the expression of the power loss
of D1 given in (3.20).

To calculate the power dissipated in the intermediate diodes (PD2), the same
procedure used to calculate PD1 can be followed for the voltage waveform across D2

in Fig. 3.5.
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Chapter 4
Rectifier Design

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 VDD (VDDCS) 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 VIN 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.

Fig. 4.1 Hybrid DC-DC converter configuration comprised of a cold starter and an efficient main
converter

Fig. 4.2 Block diagram of
an RF energy harvester
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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 withW/L¼ 1500 μm/420 nm for the ES-XCO,
off-the-shelf inductors, and Schottky diodes, the circuit started up from VIN¼ 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-
Q inductors (L1 and L2) were used to boost the oscillator output voltage. The
inductor parameters characterized at 600 kHz are L1 ¼ 9.5 μH; QL1 ¼ 80;
L2 ¼ 950 μH; and QL2 ¼ 80.

The three-stage (N ¼ 3) DCP was built using off-the-shelf Schottky diodes and
capacitances C ¼ 2.2 nF. The values of the diode saturation current (ISAT) 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, IL/IS ¼ 0.1.

The transient characteristic of the converter is illustrated in Fig. 4.5a, for
VIN ¼ 25 mV and IL ¼ 120 nA. The DC output voltage is around 2.2 V. Figure 4.5b
shows the waveforms of the converter for VIN ¼ 11 mV and IL ¼ 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 (VOUT), output power (POUT),
and power conversion efficiency (ηCONV) as a function of the input voltage (VIN). 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 μA. It can be observed that the
converter can reach VOUT ¼ 1 V at VIN ¼ 10 mV and IL ¼ 100 nA. For the case in
which the load current is 1 μA, the capability to drive a load of 1 μW is reached for
VIN ¼ 25 mV.

Fig. 4.3 Setup used to
characterize the cold-starter
converters
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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 kT/q, 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 VIN¼ 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 L1 and L2
are 2.5 mm � 2 mm and 3.4 mm � 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 (KL ¼ L2/L1) of around 3 (L1 ¼ 220 nH, L2 ¼ 595
nH, Q ffi 60 at 50 MHz), the aspect ratio of the native transistor was chosen as
400 � 5 μm/0.42 μm. After the oscillator parameters had been obtained, the DCP
parameters were determined. Based on the specifications ofVOUT¼ 1V and IL¼ 1 μA
and employing Eq. (3.16) for the output voltage and Eq. (3.25) for the maximum
power conversion efficiency, the number of stages N and the load current normalized

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
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by the IL/IS 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 ¼ 4.2 μm/
0.42 μm, which results in a diode saturation current ISAT ¼ 550 nA.

The transient of the circuit startup for VIN ¼ 40 mV and IL ¼ 3 μA is shown in
Fig. 4.9a. It can be observed that the circuit takes less than 2 ms to stabilize at around
VOUT ¼ 1.1 V. The voltages at the two complementary oscillator outputs and at the
converter output for VIN ¼ 30 mV and IL ¼ 1 μA 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 VOUT, POUT, and
conversion efficiency as a function of the supply voltage are shown in Fig. 4.10.
Note that the circuit starts up for VIN¼ 16 mV at IL¼ 10 nA. The condition IL¼ 1 μA
and VOUT ¼ 1 V is obtained at VIN ¼ 23 mV, while with VIN ¼ 37.7 mV, the circuit
can supply a load current of 5 μA at VOUT ¼ 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 IL ¼ 4 μA, corresponding to IL/ISAT ¼ 7.3.

Fig. 4.5 Oscillator and
DCP outputs for the off-the-
shelf design: (a) transient
waveforms for VIN ¼ 25 mV
and IL¼ 120 nA; (b) steady-
state waveforms for
VIN ¼ 11 mV and
IL ¼ 110 nA
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Fig. 4.6 Experimental values of (a) output voltage, (b) output power, and (c) power conversion
efficiency of the off-the-shelf converter for load currents ranging from 10 nA to 8 μA, as a function
of the input voltage

Fig. 4.7 Photograph of the wire-bonded prototype
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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 (VOUT ¼ 1 V and IL ¼ 1 μA) with the minimum input DC voltage.

In the case of the ES-XCO design, the inductors were chosen for an inductive
ratio (KL ¼ L2/L1) 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, aW/L ratio of 500 μm/0.42 μm 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 VOUT, POUT, and power
conversion efficiency on the input voltage was experimentally determined for load
currents ranging from 10 nA to 5 μA, as shown in Fig. 4.12. Operating at a frequency
of around 550 MHz, the fully integrated prototype can start up from VIN ¼ 73 mV,
generating around 400 mV at the output. The target specification of 1 V of output
voltage and 1 μA of load current is obtained at VIN ¼ 86 mV. The integrated step-up
converter can supply 5 μW 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

Fig. 4.8 Schematic diagram of the wire-bonded prototype
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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].

Fig. 4.9 Oscilloscopewaveforms of thewire-bondedDC-DC converter: (a) startup forVIN¼ 40mV
and IL ¼ 3 μA and (b) steady-state operation for VIN ¼ 30 mV and IL ¼ 1 μA
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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

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 IL, for VOUT ¼ 1 V
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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 GO at each
oscillator output, and a slope factor n ¼ 1, the minimum VIN for achieving oscilla-
tions with the XCO and with the ES-XCO are approximated by (4.1) and (4.2),
respectively

VIN,min � ϕt ln 2þ GEQ,XCO

gmd

� �
, ð4:1Þ

VIN,min � ϕt ln 1þ 1
1þ KL

þ GEQ,ESXCO

gmd

� �
: ð4:2Þ

where

Fig. 4.11 Micrograph of
the cold-starter converter
integrated in the 130-nm
technology
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GEQ,XCO ¼
ffiffiffiffiffi
CT
L

q
Q

þ G0, ð4:3Þ

and

GEQ,ESXCO ¼
ffiffiffiffiffi
CT
L2

q
Q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KL 1þ KLð Þ

p
þ G0 1þ KLð Þ: ð4:4Þ

In weak inversion, with the aid of (1.10) and (1.15), we can approximate gm � IX/
ϕt. Thus, Fig. 4.13 shows the minimum VIN obtained with the XCO and with the
ES-XCO for different values of KL ¼ L2/L1 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, CT and IX were determined by the extracted
parameters of the transistor of the oscillator, which is explained in Sect. 4.3.2.
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V

Fig. 4.12 Experimental values of (a) output voltage, (b) output power, and (c) power conversion
efficiency of the fully integrated converter for a load current ranging from 10 nA to 5 μA as a
function of the input voltage
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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 ISAT, enabling the sizing of the rectifier devices [10].

The voltage and current at the cold-starter output (VDDCS and ICS 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, 11], VDDCS¼ 0.5 V and ICS¼ 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 kR higher than the unity to account for
the rectifier losses (kR � VDDCS � ICS). A factor of two, which emulates a rectifier
with 50% efficiency, would be a good starting point.

Fig. 4.13 Minimum VIN

obtained with the XCO and
with the ES-XCO
(IX ¼ 106 μA, CT ¼ 21 pF,
ϕt ¼ 25 mV, Q ¼ 8.8,
L ¼ L2 ¼ 18.8 nH)
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The value of the transistor aspect ratio should be chosen to minimize the VTEG

required to obtain the specified output specification (VDDCS, 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

Fig. 4.14 Flowchart detailing the proposed 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 (N1–4), 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 VTEG, 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 RIN G�1

0

� �
and a

value of VTEG lower than the one obtained in the previous step, when a resistive load
was connected to the oscillator output. We calculate the oscillation amplitude VA for
a given pair (N, ISAT). Based on the VA value obtained, a new RIN value is calculated
using the expression of RIN for the type of rectifier employed (Table 3.1). With the
new value of RIN, the system recalculates and updates the oscillator amplitude (VA).
This cycle should be repeated until VA and RIN reach convergence within
pre-specified limits, allowing VDDCS to be calculated for the given N and ISAT. This
procedure should then be repeated for other values of N and ISAT, covering the
specified design space. If no N-ISAT pair meets the output specification, VTEG is
increased, and the routine is repeated until an N-ISAT pair successfully meets the
specification.

Using this methodology, we calculate the minimum voltage that delivers the
specified output characteristics (VDDCS ¼ 500 mV and ICS ¼ 100 nA). The output
voltage of the DCP and the full-wave voltage multiplier as a function of N and ISAT
are shown in Figs. 4.16 and 4.17, respectively, in the form of level curves [10]. The
output level curves are plotted for VTEG ¼ 46.5 mV for the DCP and VTEG ¼ 49 mV
for the voltage multiplier. The target specification can be fulfilled using a DCP with
34 to 70 stages and diodes with ISAT ranging from 300 to 640 nA (N and ISAT points
inside the level curve for VDDCS ¼ 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,

Fig. 4.15 Schematic of the
circuit used for the
optimization routine
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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 VS, RS, and LS are the source (antenna) open-
circuit voltage, internal resistance, and inductance, respectively.

Fig. 4.16 Output voltage
level curves obtained using
the DCP (VTEG ¼ 46.5 mV
and ICS ¼ 0.1 μA)

Fig. 4.17 Output voltage
level curves obtained using
the full-wave voltage
multiplier (VTEG ¼ 49 mV
and ICS ¼ 0.1 μA)

Fig. 4.18 Simplified electrical equivalent circuit of the RF energy harvester comprised of an
antenna, an L matching network, and a rectifier
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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]

AMN ¼ VA
VS
2

¼
ffiffiffiffiffiffiffiffi
RIN

2RS

r
ð4:5Þ

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

VS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8� RS � PAV

p
ð4:6Þ

VA ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RINPAV

p ð4:7Þ

Therefore, the matching network can ideally provide passive voltage boosting
(2VA > VS) when RIN > 2RS. 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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VOUT ¼ N
2
nϕt ln

I0 vað Þ
1þ IL=2ISAT

� �
ð4:8Þ

ηCONV ¼ nϕt=VA

1þ 2ISAT
IL

� �
I1 vað Þ
I0 vað Þ
h i ln

I0 vað Þ
1þ IL=2ISAT

� �
ð4:9Þ

RIN ¼ 2VA

N 2ISAT þ ILð Þ
I0 vað Þ
I1 vað Þ

� �
ð4:10Þ

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 (N, ISAT) should be evaluated to
find the optimum values of N and ISAT 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

PAV ¼ NVA 2ISAT þ ILð Þ
2

I1 vað Þ
I0 vað Þ

� �
: ð4:11Þ

Due to the difficulty in obtaining an expression for VA as an explicit function of
PAV, we solve (4.11) numerically using a computer-aided optimization method to
find the solution of VA for a given PAV, enabling the optimization of the rectifier for
maximum sensitivity, output voltage, or conversion efficiency. The design method-
ology provides a set of N and ISAT 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 (VOUT, IL). 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 ISAT pairs that meet the specification for the lowest PAV

should be chosen. Therefore, for a given level of PAV, (4.11) should be solved
numerically to find the value of VA for each N-ISAT pair of the design space. With
the values obtained for VA, VOUT is calculated using (4.8). If any pair successfully
meets the specification of VOUT and IL, the value of PAV can be decreased, and the
process can be repeated for lower levels of PAV.

Using this design methodology, the level curves showing the N-ISAT pairs that
meet the output specification for different levels of PAV 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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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 VOUT ¼ 1 V
and IL ¼ 1 μA, an N-ISAT pair enclosed by the level curve of PAV ¼�28 dBm should
be chosen to maximize the sensitivity of a full-wave voltage multiplier or the DCP.

Fig. 4.19 Flowchart detailing the optimization procedure to maximize sensitivity

Fig. 4.20 Level curves for
PAV for the specification of
VOUT ¼ 1 V and IL ¼ 1 μA
using the full-wave voltage
multiplier
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After choosing the N-ISAT 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 IL and VA. Therefore, the
system is only matched for the specified values of IL and VA 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 VA for each N-ISAT pair of the design space.
The VOUT and ηCONV values are then calculated with the results obtained for VA using
(4.8) and (4.9), respectively.

The level curves for VOUT/ηCONV 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 PAV ¼ �27 dBm and IL ¼ 1 μA, both the full-wave voltage
multiplier and the DCP can deliver around 1.4 V at the output with a peak efficiency
of 70%.

Fig. 4.21 Level curves for
PAV for the specification of
VOUT ¼ 1 V and IL ¼ 1 μA
using the DCP
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Fig. 4.22 Flowchart
detailing the optimization
procedure to maximize the
output voltage and
efficiency

Fig. 4.23 Level curves for
VOUT and ηCONV as a
function of N and ISAT using
the full-wave voltage
multiplier
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Chapter 5
Analysis of the Inductive Boost Converter
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 (COUT), 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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tON ¼ DT , ð5:1Þ

tOFF ¼ D0T: ð5:2Þ

During the charging phase (tON), the LSS is closed and the HSS is open. Thus, the
inductor is charged by the input voltage source (VIN), while the load current is
supplied by the capacitor. During the discharging phase (tOFF), 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 (tD), when both switches are open, and the inductor current
is equal to zero.

tD ¼ D00T : ð5:3Þ

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

vL tð Þ ¼ VS � RiL 0ð Þð Þe�tRL, ð5:4Þ

Fig. 5.1 Simplified
schematic of the inductive
boost converter

Fig. 5.2 Inductor current for the (a) CCM and (b) DCM operation
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iL tð Þ ¼ VS

R
þ iL 0ð Þ � VS

R

� �
e�tRL: ð5:5Þ

where VS 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 (EL) and the energy delivered
by the power supply (ES):

ηL tð Þ ¼ EL tð Þ
ES tð Þ , ð5:6Þ

where

ES tð Þ ¼
Z t

0
VSiL tð Þdt ¼

Z t

0
VS

VS

R
þ iL 0ð Þ � VS

R

� �
e�tRL

h i
dt ð5:7Þ

and

EL tð Þ ¼
Z t

0
VS � RiL 0ð Þð Þe�tRL

h i VS

R
� 1
R

VS � RiL 0ð Þð Þe�tRL
h i

dt: ð5:8Þ

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

As can be seen, for fixed circuit parameters, low values of iL(0) provide higher
efficiencies. Thus, the charging of the inductor starting at iL(0) ¼ 0 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.

Fig. 5.3 Circuit used for
the analysis of the inductor
charging efficiency
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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

iL tð Þ ¼ VIN

L
t; ð5:9Þ

thus, the peak inductor current is given by

Fig. 5.4 Plot of the
inductor charging efficiency

Fig. 5.5 Equivalent circuit of the inductive boost converter during (a) tON, (b) tOFF, and (c) tD

94 5 Analysis of the Inductive Boost Converter for Ultra-Low-Voltage Operation



ILP ¼ VIN

L
tON ¼ VIN

L
DT : ð5:10Þ

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

iL tð Þ ¼ VIN

L
tON þ VOUT � VIN

L

� �
tON � tð Þ: ð5:11Þ

During the idle phase, the circuit reduces to that shown in Fig. 5.5c, and iL(t)¼ 0.
Hence, using (5.9) and (5.11), the average inductor current for a full conversion
period (T ) is given by

�iL ¼ ILP tON þ tOFFð Þ
2T

¼ VINDT Dþ D0ð Þ
2L

: ð5:12Þ

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,

IOUT ¼ ILPtOFF
2T

¼ VINDD0T
2L

: ð5:13Þ

5.4 The Ideal Gain Factor

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

M ¼ VOUT

VIN
: ð5:14Þ

Applying the volt-second balance for the lossless inductor yields

Z T

0
vL tð Þdt ¼ VINtON þ VIN � VOUTð Þ tOFFð Þ ¼ 0: ð5:15Þ

Hence,

M ¼ VOUT

VIN
¼ 1þ tON

tOFF
¼ 1þ D

D0 : ð5:16Þ

Substituting D0 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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M ¼ 1þ D2TVIN

2LIOUT
¼ 1þ D2VIN

2L f SWIOUT
, ð5:17Þ

where fSW ¼ 1/T. For low-voltage energy-harvesting applications in which
VIN � VOUT, we approximate (5.17) by

M ffi D2VIN

2L f SWIOUT
: ð5:18Þ

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

PAV ¼ V2
S

4RS
: ð5:19Þ

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 (PIN) to
the available power

ηEXTR ¼ PIN

PAV
: ð5:20Þ

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

Fig. 5.6 Simplified energy-
harvesting conversion chain
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ηCONV ¼ POUT

PIN
: ð5:21Þ

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

ηEND‐TO‐END ¼ ηEXTRηCONV ¼ POUT

PAV
: ð5:22Þ

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 (VS) is constant in the circuit of Fig. 5.7, the input power of
the converter is

PIN ¼ 1
T

Z T

0
pIN tð Þdt ¼ 1

T

Z T

0
VS � RSiS tð Þ½ �iL tð Þdt: ð5:23Þ

Fig. 5.7 Conventional
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

PIN ¼ tON þ tOFF
T

� � VSILP
2

� RS
I2LP
3

� �
: ð5:24Þ

The substitution of (5.24) into (5.20) yields

ηextr ¼
tONþtOFF

T

� �
VSILP
2 � RS

I2LP
3

� �
VS

2

4RS

: ð5:25Þ

The peak inductor current (ILP) that delivers the maximum extraction efficiency,
calculated for ∂ηextr/∂ILP ¼ 0, gives

ILP,MAX ¼ 3
4
VS

RS
: ð5:26Þ

Substituting (5.26) into (5.25) yields

ηextr ¼ tON þ tOFF
T

� � 3
4

� �
: ð5:27Þ

Therefore, when the dead time is zero (tD ¼ 0 ! tON + tOFF ¼ 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 (CIN), as shown in Fig. 5.8, the input ripple
caused by the inductor current through RS can be made negligible and the extraction
of power maximized. In general, CIN is a high-value off-chip capacitance due to the
requirements of ripple and frequency.

Fig. 5.8 Inductive boost
converter using an input
capacitor
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In this configuration, the supply current can be assumed to be constant (IPS) and
equal to the average inductor current. Therefore, the extraction efficiency is given by

ηEXTR ¼
VSILP tONþtOFFð Þ

2T � RS
I2LP tONþtOFFð Þ2

4T2

V2
S

4RS

: ð5:28Þ

The peak inductor current that leads to maximum efficiency is

ILP,MAX ¼ VST
RS tON þ tOFFð Þ : ð5:29Þ

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 (RIN ¼ RS).
Under this condition, we have

VIN ¼ VS

2
: ð5:30Þ

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

RIN ¼ VIN

IPS
, ð5:31Þ
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The supply current is equal to the average inductor current, and thus, for a high
gain factor (tON � tOFF), the supply current calculated using (5.9) is

IPS ¼ ILP
2

D ¼ VIND2

2L f SW
: ð5:32Þ

Hence, (5.31) can be rewritten as

RIN ¼ 2L f SW
D2 : ð5:33Þ

To track the maximum power point, RIN must be equal to RS. Thus, (5.33) can be
rewritten as

L f SW ¼ D2RS

2
: ð5:34Þ

Therefore, to track the maximum power point, the converter should be designed
to set the LfSW 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 PAV,
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

M ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VOUT

IOUTRS

r
: ð5:35Þ

5.6.2.2 Controlling the Converter Input Voltage

Besides setting fixed design parameters L and fSW 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 fSW 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 fSW 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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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,LSS and vG,HSS 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

ηCONV ¼ PIN � PLOSS

PIN
, ð5:36Þ

where PLOSS 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 (PCOND), the dynamic losses (PDYN), the leakage
losses (PLEAK), and the power consumption of the control block (PCTL), as shown
in (5.37).

PLOSS ¼ PCOND þ PLEAK þ PDYN þ PCTL: ð5:37Þ

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 tON (top) and tOFF (bottom). The idle phase is not
represented because the inductor current is zero during this phase.

Fig. 5.9 Simplified inductive boost converter in CMOS technology
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Using the equivalent circuits shown in Fig. 5.10, we can simplify the total
conduction losses as

PCOND � PCL þ PCLSS þ PCHSS, ð5:38Þ

where PCL is the conduction loss in the equivalent series resistance (RL) of the
inductor, PCLSS is the conduction loss in the LSS resistance (RLSS), and PCHSS is the
conduction loss in the HSS resistance (RHSS). Assuming that tON and tOFF are much
shorter than the time constant L/(RL + RLSS), we use the time domain expressions of
the ideal boost converter to approximate

PCL ¼ 1
T

Z T

0
RLiL tð Þ2dt � RLILP2 Dþ D0ð Þ

3
: ð5:39Þ

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

PCL � 2
ffiffiffi
2

p
3

RLV2
INffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RS
3L f SW

p : ð5:40Þ

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

PCOND � 2
ffiffiffi
2

p
3

V2
INffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RS
3L f SW

p RL þ RS,LSSLLSS
WLSS

þ RS,HSSLHSSVIN

WHSSVOUT

� �
: ð5:41Þ

LL(H )SS and WL(H )SS are the channel length and width, respectively, of the low
(high) side switch. The sheet resistances of the switches (RS,L(H )SS) can be calculated
using the MOSFET model [6] in strong inversion presented in Chap. 1. Assuming

Fig. 5.10 Equivalent circuit
of the boost converter
including the inductor and
switches resistances during
tON (top) and tOFF (bottom)
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that the logic-low and logic-high control signals applied to the gates (vG,LSS and vG,
HSS) of the LSS and HSS are, respectively, zero and VOUT, we have

RS,L Hð ÞSS � 1
μn pð ÞCox VOUT � VT0,n pð Þ

		 		� � : ð5:42Þ

where μn( p) is the electron (hole) mobility, Cox is the gate oxide capacitance per unit
area, and VT0,n(p) 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.

Fig. 5.11 Simplified equivalent circuit of the inductive boost converter during tON (top), tOFF
(middle), and tD (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
(PLLSS) and in the HSS (PLHSS) during the three phases of operation. Assuming high-
gain operation and that the transistors are in saturation, we approximate the leakage
losses by

PLEAK ¼ PLHSS þ PLLSS � IXQ,n
WLSS

LLSS
VIN þ IXQ,p

WHSS

LHSS
VOUT ð5:43Þ

IXQ,n(p) in (5.43), which is calculated from the extrapolated saturation current (IX)
[6] defined in Chap. 1, is given by

IXQ,n pð Þ ¼ μn pð ÞnCoxϕ
2
t e

1e�
VT0,n pð Þj j

nϕt , ð5:44Þ

where n is the slope factor, and ϕt 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 (CPAR) of the intermediate node vM (Fig. 5.9). The total
dynamic losses, composed of three terms, the first due to the LSS (PDHSS), the
second due to the HSS (PDHSS), and the third due to the parasitic capacitance
(PDPAR), can be approximated as

PDYN � PDLSS þ PDHSS þ PDPAR

� f SWV
2
OUT

2
CoxWLSSLLSS þ CoxWHSSLHSS þ CPARð Þ: ð5:45Þ

5.7.4 Losses in the Control Block

The losses in control block (PCTL) 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 PAV.
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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 (LL(H )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

WLSS,opt ¼ 2
3
2

3
RS,LSS

Cox f SWV2
OUT

2V2
IN

þ IXQ,n
VINL2LSS

� �
R3
SL f SW

� �1
2

0
B@

1
CA

1
2

, ð5:46Þ

WHSS,opt ¼ 2
3
2

3
RS,HSS

Cox f SWV3
OUT

2V3
IN

þ IXQ,pV2
OUT

L2HSSV
3
IN

� �
R3
SL f SW

� �1
2

0
B@

1
CA

1
2

: ð5:47Þ

With the aid of (5.46) and (5.47), the optimum switches widths can be calculated
as a function of fSW, 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 RS ¼ 100 Ω, VOUT ¼ 1 V, and
VIN ¼ 50 mV. The inductance was set to 1 μH. Higher inductance values allow for
a reduction in fSW (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 fSW
values that minimize the losses of the LSS and the HSS differ. Hence, a complete
analysis that takes into account the overall converter losses (PLOSS) should be
performed to determine the optimum fSW for the design.
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5.7.5.2 Switching Frequency and Duty Cycle

Optimum values of fSW and D should be chosen for the minimization of PLOSS. For
the same design specifications used in Fig. 5.12, and assuming RL ¼ 0.1 Ω (obtained
from the known value of Q at the switching frequency), CPAR ¼ 10 pF and
PCTL ¼ 100 nW, the power losses versus fSW are shown in Fig. 5.13. From these
results, the conversion efficiency can be calculated as a function of fSW, thus allowing
the determination of the optimum fSW. The optimum switches widths that minimize
PLOSS can then be calculated by (5.46) and (5.47) using the optimum value of fSW.
Also, for the optimum fSW, 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 fSW.

Fig. 5.12 Power losses and
optimum width of the (a)
LSS and (b) HSS vs fSW
(ϕt ¼ 25 mV, n ¼ 1.2,
LHSS ¼ LLSS ¼ 0.12 μm,
μn ¼ 0.05928.1012 μm2/Vs,
μp ¼ 0.0134.1012 μm2/Vs,
VT0,n( p) ¼ 200 mV,
Cox ¼ 11.10�15 F/μm2)
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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 fSW and tON (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).

Fig. 5.13 Power losses
versus fSW

Fig. 5.14 Conversion
efficiency, duty cycle, and
switches widths versus fSW
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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 PAV.

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 vM (Fig. 5.15c) [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 VIN and the setting of the appropriate time for the measurement
of vM.

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 vM and a nonlinear division of the tOFF (and VIN)

Fig. 5.15 Simplified schematics of ZCS approaches including (a) a diode as the HSS, (b) a MOS
switch controlled by a comparator, and (c) a MOS switch controlled by a digital ZCS scheme
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range, which increases the detection accuracy at low VIN. 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 IOUT ¼ �ICOUT during tON and tD. Therefore, assuming the converter is
operating under high gain, the output ripple is given by

ΔVOUT ¼ IOUT tON þ tDð Þ
COUT

� IOUT Tð Þ
COUT

: ð5:48Þ

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

ΔVOUT ¼ VOUT

RS f SWM
2COUT

: ð5:49Þ

Thus, one can determine the output capacitance from

COUT ¼ 1
RS f SWM

2 ΔVOUT
VOUT

: ð5:50Þ

To calculate COUT 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 iCIN shown in
Fig. 5.16a, which is obtained by applying the KCL at the input node. For this
analysis, we assume high-gain operation (tON � tOFF) and approximate the input-
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capacitor discharging time by tON,D, which can be calculated by a simple trigono-
metric relation, given in Fig. 5.16a, yielding

tON,D ¼ tON
ILP � IS

ILP

� �
: ð5:51Þ

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

ΔVIN ¼ 1
CIN

Z tON

tON,C

iCIN tð Þ∂t ¼ 1
CIN

ILP � IS
2

� �
tON,D ¼ tON

2ILPCIN
ILP � ISð Þ2: ð5:52Þ

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

ΔVIN ¼ D2VIN

2CINL f SW
2 1� D

2

� �2
: ð5:53Þ

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

CIN ¼ 1
ΔVIN
VIN

� �
RS f SW

1�
ffiffiffiffiffiffiffiffiffiffiffi
L f SW
2RS

r !2

¼ 1
ΔVIN
VIN

� �
RS f SW

1� D
2

� �2
: ð5:54Þ

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

nextr ¼ 1
PAV

1
T

Z T

0
vIN tð Þ iS tð Þ � iC tð Þ½ �∂t ffi 2� 4

VS
2 V

2
IN,RMS ð5:55Þ

Fig. 5.16 (a) Input capacitor current and (b) representation of the ripple at the input of the boost
converter
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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

V2
IN,RMS ¼

Vs

2

� �2
þ

ΔVIN
2ffiffiffi
3

p
 !2

ð5:56Þ

Substituting (5.56) into (5.55) yields

nextr ¼ 1� 1
12

ΔVIN

VIN

� �2

: ð5:57Þ

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).
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Chapter 6
Ultra-Low-Voltage Boost Converter
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.

• Operate efficiently from different types of transducers, accommodating a wide
range of input voltages and internal resistances (RS), 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 (PAV) in the range of
μW 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
(VDDCS) 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 VDDCS of approximately 500 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), LSSAB and LSSC, 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 VDD 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.

Fig. 6.1 Schematic showing the converter architecture
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6.3 VDD Buildup

Once the converter starts up, it commutes between three distinct phases of operation,
building up the VDD 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 (VS) is connected to the converter input, the cold starter
turns on, establishing the voltage VDDCS that powers the control circuit, hence
providing the switching of the boost converter and giving rise to the buildup of
node VDD. During this phase, node VDDCS powers only the part of the control circuit
responsible for the clock generation and for keeping SWRLOAD and SWVDD 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 VOUT ¼ 0 V. To reduce the dynamic
losses, a small switch (LSSAB), with an area close to a third that of LSSC, is used
during startup. The dynamic losses of the LSS, which impose a significant load at the
cold starter output node (VDDCS), 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,HSS¼VDD; thus,
the HSS is equivalent to a diode-connected MOSFET.

6.3.2 Phase B

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

Table 6.1 Transistors of the converter switches

Device Type m � W (μm)a L (nm)

LSSAB Low-VT (LVT) NMOS 60 � 20 120

LSSC LVT NMOS 150 � 20 120

HSS Standard PMOS 120 � 20 120

SWCS Zero-VT (ZVT) NMOS 100 � 20 420

SWVDD Standard PMOS 60 � 20 120

SWRLOAD Standard PMOS 150 � 20 120
am is the number of transistors in parallel
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for powering the whole circuit, as represented in Fig. 6.3. The load is connected to
the output, and thus, VOUT ¼ VDD¼VDDCS.

6.3.3 Phase C

When VDD equals 660 mV, the cold starter is turned off to avoid unnecessary power
consumption, and the ZCS circuit starts to operate. LSSAB is replaced by a wider
switch, LSSC, 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:

VOUT ffi D2VIN
2

2L f SWIOUT
, ð6:1Þ

Fig. 6.2 Simplified
equivalent circuit of the
converter during phase A

Fig. 6.3 Simplified
equivalent circuit of the
converter during phase B
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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 VIN and IOUT. 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 VOUT 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 VOUT, as described next.

• Non-limited VOUT – when VIN and IOUT lead to VOUT between 0.6 and 1.0 V, the
boost operation is continuously maintained. The output ripple for non-limited
VOUT is a function of COUT, 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 LfSW.

• Limited VOUT – when VIN and/or IOUT lead to a value of VOUT, which tends to be
above 1 V, the limiting of VOUT to 1 V takes place. The converter alternates
between active (clock is on) and inactive (clock is off) states, with durations tAS
and tIS, respectively. During the inactive state, in which the clock is disabled, the
output capacitor provides the load current, and the harvesting ceases. Simulations
of VOUT limiting as well as of the clock voltage are shown in Fig. 6.5. For limited
VOUT, 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 VDD

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. VM 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 VDDCS, unless otherwise indicated in Fig. 6.7.

Fig. 6.4 Converter
equivalent circuit during
phase C
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During startup, VDD 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 VDD buildup.

Fig. 6.5 Simulation of VOUT limiting

Fig. 6.6 Output ripple for
VOUT limited to
approximately 1 V
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Fig. 6.7 Simplified schematic of the control circuit

Fig. 6.8 Simulation results
for the control signals
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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 (VREF) 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 MVREF1 is a standard-VT

thick-oxide device, and MVREF2 is a 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

VREF ¼ 1
1þ n1

n1ϕt ln
μn,2n2

W2
L2

μn,1n1
W1
L1

 !
þ VT0,1 � n1

n2
VT0,2

� � !
, ð6:2Þ

where n is the slope factor; W1(2) and L1(2) are the MOSFET channel width and
length of MVREF1(2), respectively; VT0,1(2) is the equilibrium threshold voltage of
MVREF1(2); μn,1(2) is the electron mobility of MVREF1(2); and ϕt is the thermal voltage.

The first term in parenthesis of the VREF 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 VREF on the
temperature. Figure 6.9a shows the dependence of VREF on the temperature for
several MVREF1 width values. A width of 28 μm was selected, because this value
provided the best performance regarding temperature stability. For the chosen
dimensions, the variation in VREF is around 0.048% for a temperature range of
�10 to 80 �C.

The circuit was also simulated to verify its stability against VDD and process
variations. The results are shown in Fig. 6.10. For VDD > 0.4 V, VREF varies 0.2% for
VDD varying from 0.4 to 1.2 V in the TT corner. For the SS and FF corners, a
variation in VREF of 3.2% was observed.

Fig. 6.9 VREF vs
temperature for different
MVREF1 widths
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The simulated results for VREF show that the circuit stability against process,
voltage, and temperature (PVT) variations is suitable for the requirements of this
application, since the tolerance of VDD 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 VDD level is sensed by the resistive voltage divider in accordance with VSN,

i ¼ kiVDD, where ki is the attenuation of the voltage divider at node ki. Hence, when
comparing VREF with the sensed voltages (VSN,i), a change in the comparator state
occurs for

VSN,i ¼ VREF � VHYS

2
: ð6:3Þ

VHYS is the hysteresis width, intentionally introduced in the comparator to avoid
improper triggering. Thus, transitions occur for

Fig. 6.10 VREF vs VDD for
different corners

Table 6.2 Sizing of the ref-
erence generator transistors

Transistor W/L Type

MVREF1 28 μm/30 μm Thick-oxide NMOS

MVREF2 33 μm/30 μm Thick-oxide ZVT NMOS
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VDD ¼ VREF � VHYS=2
ki

: ð6:4Þ

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

6.4.3 Hysteretic Comparators

The comparators are used to control the state of switches SWRLOAD, SWCS, and
SWVDD and to activate/deactivate CLKAB and CLKC. Comparator C1, responsible
for the transition between phase A and phase B, controls the state of SWRLOAD and
SWVDD. Comparator C2 controls the transition from phase B to phase C, activating
CLKC, deactivating CLKAB, 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 VOUT is 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

Table 6.3 Parameters related
to the sensing circuit

i Ri (MΩ) ki VDD transition (V)

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
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decision stage, the difference in the transistor sizes directly affects the switching
point (MC1 6¼ MC2) and sets the hysteresis width.

Figure 6.13 presents the DC transfer curve for the comparator. Since
VREF � 211 mV, the hysteresis of approximately �15 mV around VREF, which is
obtained for MC2/MC1 ¼ 5, translates into a hysteresis of �38 mV around VDD for
C1, �46 mV for C2 and � 70 mV for C3, 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 (VDD 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 VINA and VINB is equal to VDD/2 and a sinusoidal signal is applied to VINA. The
average consumption of each comparator is around 55 nW for VDD ¼ 1 V, which is
adequate for the targeted range of PAV. The settling time for a load capacitance of
100 fF is around 1 μs.

Fig. 6.12 Schematic of the comparator

Fig. 6.13 DC transfer curve
for the comparator showing
the hysteretic behavior
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6.4.4 Negative Voltage Generator

The consumption of the cold starter is around 115 μW for VIN ¼ 80 mV (RS ¼ 5 Ω),
and thus, it should be turned off after VDDCS 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 (SWCS) 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 CLKC 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 (VNEG). The output capacitor of the voltage doubler is the input
capacitance of SWCS, and the ZVT transistor should thus be sized considering three
distinct aspects: firstly, the ON series resistance should not significantly affect the
minimum VIN 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 VDDCS and
VNEG are the supply rails (Fig. 6.7). Therefore, during phases A and B, the inverter
outputs VDDCS, while during phase C, the inverter outputs VNEG. 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.

Fig. 6.14 Transient
response of the comparator
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The clock is a five-stage CSRO in which the frequency can be fine-tuned by four
external trimming bits to maintain VIN¼VS/2. The switching frequency is set to
around 30–40 kHz. The external trim bits enable the value of RREF to be adjusted
from 16 MΩ to 22 MΩ, which allows a variation of around 33% in fSW. The fSW
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

Fig. 6.16 Schematic of the clock and bias circuits

Fig. 6.15 Transient
simulation of control signal
used for the shutdown of the
cold starter
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of around 300 mV for VOUT ¼ 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 CLKAB and CLKC during the different phases of operation.
During phases A and B, CLKAB is enabled and CLKC is disabled. In phase C,
CLKAB is always disabled, and CLKC is enabled if the converter is active and
disabled if it is inactive (limited VOUT). Figure 6.18 presents the simulation of
CLKAB and CLKC during VDD buildup and in a steady state for a case in which
VOUT 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.

Fig. 6.17 Simulated signals
of the third and fifth stages
of the CSRO and the
asymmetrical clock at the
NAND output

Table 6.4 Sizes of the clock
circuit transistors

Transistor W/L Type

MCKP1 2.5 μm/1 μm Standard PMOS

MCKP2 2 μm/2 μm Standard PMOS

MIRP 8 μm/2 μm Standard PMOS

MCKN1 700 nm/1 μm Standard NMOS

MCKN2 1 μm/2 μm Standard NMOS

MIRN 4 μm/2 μm Standard NMOS
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The pulse signal generated by the ZCS circuit (VG,HSS) controls the state of the
HSS of the converter, keeping it closed during the inductor discharging time (tOFF)
and open during inductor idle (tD) and charging (tON) times. Through the relation
given by (5.16), each value of tOFF fits a specific input voltage level, and when the
converter operates under high voltage gain, this relation is nearly linear. Since VIN is
a dynamic variable, the pulse signal generated by the ZCS circuit has an adjustable
width (tPW), which ideally is very close to tOFF of the corresponding VIN. For this
purpose, we adopted a four-bit system, allowing 16 different values of pulse width to
cover the range of tOFF and, consequently, the range of VIN.

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 (ΔtM) block, and the pulse selection circuit (multiplex
+4-bit counter). The whole ZCS block is supplied with VDD, 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 VM, which indirectly provides information about the
late and early opening of the HSS, and based on the sensing results, it adjusts tPW to
best fit tOFF. A D-type flip-flop is employed to sense the voltage VM a certain time

Fig. 6.19 Implemented
ZCS circuit

Fig. 6.18 Simulation of
CLKAB and CLKC during
VDD buildup
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after the opening of the HSS (ΔtM). If the HSS opens after the zero-current crossing,
the inductor current at the instant the HSS opens (iL(0)) is negative, and VM will
rapidly shift from VOUT to zero. On the other hand, if the HSS opens before the zero-
current crossing (iL(0) > 0), the inductor will still discharge through the HSS, which
is now a high-resistance path, causing an overshoot at VM, as represented in
Fig. 6.20. Thus, if VM is still higher than a specified switching point (logic high) a
short time (ΔtM) after the opening of the HSS, early opening is detected. If VM 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 tPW is slightly narrower than tOFF, early opening is
detected, and tPW is increased. On the other hand, if tPW is wider than tOFF, late
opening is detected, and tPW is decreased. After the system reaches convergence, tPW
will alternate around tOFF.

6.4.6.2 The Measurement Delay and tSP

The discrimination between low and high logic levels of VM is performed by the
sensing flip-flop. The measurement of VM is taken at a certain time (ΔtM) after the
opening of the HSS. A VM value above the flip-flop switching point (VM > VOUT/2)
indicates early opening, and a value lower than the switching point (VM < VOUT/2) is
a sign of late opening. The time interval between the opening of the HSS and the
crossing of VM through the switching point of the sensing flip-flop (VOUT/2) is
defined as tSP, 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.

Fig. 6.20 iL, VG,HSS, and VM for (a) late opening and (b) early opening
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The appropriate time to sense node VM, which is critical for the accuracy of the
ZCS scheme, is set by the measurement delay block comprised of two logic
inverters. If ΔtM is set at a much lower value than tSP, late opening can be wrongly
interpreted as early opening. On the other hand, if ΔtM is set at a much higher value
than tSP, early opening can be wrongly interpreted as late opening.

The dependence of tSP on the inductor current at the opening of the HSS (iL(0))
was analyzed by simulation for L ¼ 33 μH and L ¼ 220 μH, where the initial
condition for the inductor current was used as a parameter, and tSP was measured by
transient simulation. The results for normalized iL(0) are shown in Fig. 6.21.

As can be observed in Fig. 6.21, because tSP is a monotonic function of iL(0), ΔtM
should be set to a higher value than the tSP of negative iL(0) to allow VM to reach the
switching point, thus providing the correct detection of late openings of the HSS.
Also, ΔtM should be set to a lower value than the tSP of positive iL(0), to prevent vM
from reaching the switching point, thus providing the correction detection of early
openings of the HSS. Therefore, when ΔtM is calibrated to the value of tSP for
iL(0) ¼ 0 (tSP0), early and late opening of the HSS are correctly discriminated. For a
boost inductor of 33 μH, the simulated value of tSP0was 13 ns, and for 220 μH, it was
33 ns.

If ΔtM is properly set to tSP0, the pulse width values alternate around tOFF, which
causes alternating late and early opening of the HSS, and iL(0) continues to alternate
around zero. However, inappropriate values of ΔtM might lead to an alternation
around a different value of iL(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 tSP0

To obtain an analytical expression for tSP0, we analyze the time response of the
second-order system comprised of the capacitance at node VM (CMPAR), inductance
(L ), and the parasitic resistance of the switches (Fig. 6.23) for iL(0) ¼ 0. Applying
the Kirchhoff Current Law at node VM [20], we have

Fig. 6.21 Post-layout
results for normalized tSP vs
iL(0), where tSP0 is the value
of tSP for iL(0) ¼ 0
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d2VM tð Þ
dt2

þ 2α
dVM tð Þ

dt
þ ω2

0VM tð Þ ¼ ω2
0VIN ð6:5Þ

where

ω0 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCMPAR

p , α ¼ 1
2 RLSS==RHSSð ÞCMPAR

: ð6:6Þ

To obtain the time-domain expression for tSP, the type of damping that occurs
after the opening of the HSS should be firstly evaluated. Therefore, the values for the
switch resistances and CMPAR were obtained through post-layout simulations. When
VM ranges from VOUT to VOUT/2, the measured value of RLSS/RHSS ranges from 55 to
100 kΩ, and the measured value of CMPAR is 4.6 pF. Thus, for the highest value of
the boost inductance considered in this research (L ¼ 220 μH when RS ¼ 40 Ω), we
have ω0 ¼ 3.14 � 107 and 1.09 � 106 � α � 1.97 � 106. As a result, for the whole
range of switch resistances and boost inductance values, we have a highly
underdamped system (α 	 ω0), and the time response follows the expression

VM tð Þ ¼ VIN þ B1 cos ωDtð Þ þ B2 sin ωDtð Þð Þe�αt, ð6:7Þ

where ωD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
0 � α2

p
� ω0 . Because α 	 ω0, the VM shift from VOUT (when

t ¼ 0) to VOUT/2 (when t ¼ tSP0) is associated with the sinusoidal terms; thus, the
attenuation term imposed by α can be neglected. Also, assuming high gain operation
(VIN 	 VOUT) and that VM ¼ VOUT for t ¼ 0, for iL(0) ¼ 0, we approximate (6.7) as

VM tð Þ ¼ VOUT cos ωDtð Þ ð6:8Þ

Fig. 6.23 Equivalent circuit
for time response
calculations

Fig. 6.22 Representation of
the logic levels sensed for
different ΔtM values
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Considering that VM is equal to VOUT/2 at the switching point (t ¼ tSP0), using
(6.8), we have

tSP0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCMPAR

p
arccos 0:5 � 1:05

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCMPAR

p ð6:9Þ

Hence, setting ΔtM equal to tSP0 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 tPW as close as possible to tOFF, we first define the zero-current detection
error (ZCDE) for a given tOFF and tPW as

ZCDE ¼ tPW � tOFFj j
tOFF

ð6:10Þ

Since in steady state the system alternates between two values of tPW, one slightly
narrower and one slightly wider than tOFF, the overall ZCDE for the given tOFF is the
average of the ZCDE for the two alternating tPW values. Using (6.10), the ZCDE was
plotted as a function of VIN in Fig. 6.24 for different bit resolutions, with a linear
division of the tPW 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 tOFF. To overcome this
problem without resorting to a large number of bits, we propose the use of geometric
scaling of the tOFF range, in other words, decreasing the step size for low tPW. The
scaling factor (SF) and the pulse width generated by each of the delay outputs
(tPW(i)) are therefore given by

SF ¼ VIN,MAX

VIN,MIN

� � 1
nDS�1

ð6:11Þ

Fig. 6.24 Detection error
for different bit resolutions
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tPW ið Þ ¼ SFi�1tPW 1ð Þ ð6:12Þ

where VIN,MIN and VIN,MAX are the specified minimum and maximum values of VIN,
respectively, and nDS¼ 2b is the number of delay stages for a number of bits equal to
b. The value of tPW(1) is equal to tOFF for the case of VIN¼VIN,MIN and can be
determined by the boost gain expression (5.16), since VOUT ¼ 1 V and tON is fixed.
The detection error for geometric scaling is plotted in Fig. 6.25 along with the linear
scaling of tPW for a 4-bit resolution.

The geometric scaling equalizes the ZCDE across the whole VIN range, mitigating
the problems of detection accuracy in the low VIN 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 (ηZCS) as the ratio of the energy transferred to the load for a given tPW
(ETPW) to the energy transferred to the load for the case of ideal ZCS (EZCS), which is
obtained when tPW ¼ tOFF, leading to

ηZCS ¼ ETPW

EZCS
¼ 1� kL tOFF � tPWð Þ2

tOFF2
ð6:13Þ

For the case of iL(0) < 0 (late opening), kL has no meaning and is equal to 1. For
the case of iL(0) > 0 (early opening), kL represents the fraction of the energy stored in
the inductor at the opening of the HSS that is lost in the HSS. The kL 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, tPW 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 tPW. Using (6.13), ηZCS 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.

Fig. 6.25 Detection error
for geometric and linear
pulse scaling
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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 ΔtM on the ZCDE and ηZCS, we use the relation given in
Fig. 6.21 and (5.11) to determine the two alternating values of tPW for any given ΔtM
and VIN, enabling (6.10) and (6.13) to be calculated for the geometric pulse scaling.
Considering our design parameters (L ¼ 220 μH, VIN,MIN ¼ 10 mV, VIN,

MAX¼ 154 mV, SF¼ 1.2 and nDS ¼ 16), we plot ZCDE and ηZCS vs VIN for different
values of ΔtM in Figs. 6.29 and 6.30, respectively.

As can be observed, setting ΔtM according to (6.9) maximizes the efficiency,
which can be significantly impaired asΔtM deviates from tSP0. It should be noted that
whenΔtM 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.

Fig. 6.27 Delay chain using current-starved inverters

Fig. 6.26 Values of ηZCS
for geometric and linear
pulse scaling (kL ¼ 0.3)
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Table 6.5 Sizing of current-
starved inverters, pulse width,
and delay time of each stage

Stage Device Width Pulse width Delay

1 MVN(P)1 5.5 μma 250 ns 250 ns

2 MVN(P)2 6.83 μm 300 ns 50 ns

3 MVN(P)3 5.9 μm 360 ns 60 ns

4 MVN(P)4 5.4 μm 432 ns 72 ns

5 MVN(P)5 4.85 μm 518 ns 86 ns

6 MVN(P)6 4.15 μm 622 ns 104 ns

7 MVN(P)7 3.5 μm 746 ns 124 ns

8 MVN(P)8 3.05 μm 895 ns 149 ns

9 MVN(P)9 2.6 μm 1.07 μs 179 ns

10 MVN(P)10 1.87 μm 1.29 μs 215 ns

11 MVN(P)11 1.54 μm 1.55 μs 258 ns

12 MVN(P)12 1.35 μm 1.86 μs 310 ns

13 MVN(P)13 1.17 μm 2.23 μs 372 ns

14 MVN(P)14 1 μm 2.68 μs 446 ns

15 MVN(P)15 850 nm 3.21 μs 535 ns

16 MVN(P)16 720 nm 3.85 μs 642 ns
aThe first stage is comprised of five cascaded stages, each cali-
brated for a 50-ns delay. The length of all transistors is 1.2 μm

Fig. 6.28 Pulse width and corner deviation of each delay chain stage

Fig. 6.29 ZCDE vs VIN for different ΔtM values using geometric pulse scaling
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6.5 Cold Starter

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-XCO) [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

Fig. 6.30 Plot of ηZCS vs VIN for different ΔtM values using geometric pulse scaling (kL ¼ 0.3)

Fig. 6.31 Schematic of the implemented cold starter

Table 6.6 On-chip devices of
the cold starter

Device Value or size

MCS ZVT � (90 � 20) μm/420 nm

MCP 8 μm/120 nm

COCS 12.8 pF

CCP 1.41 pF
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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 L2/L1 ratio reduces the supply voltage
required for oscillation. Thus, we set L1¼ 1 μH and L2¼ 100 μH, both modeled with
Q ¼ 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, CIN, and COUT

and the four ES-XCO inductors.
Figure 6.32 shows a micrograph of the active area (0.35 mm2) of the chip. For the

measurements, VS was emulated by a variable power supply (Keithley 2401), and RS

was set with resistors of either 6 Ω or 40 Ω, combined with an off-the-shelf inductor
of 33 μH or 220 μH, 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 ¼ 33 μH, which leads to values of
CIN ¼ 22 μF and COUT ¼ 2.2 μF. 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 L1
and L2 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 L1/L2 but also the losses in the inductors and the charge-pump input
conductance (Go). The combination of off-the-shelf inductors that led to the mini-
mum supply voltage to start up the boost converter was L1 ¼ 1 μH (Q ¼ 40
@1 MHz) and L2 ¼ 100 μH (Q ¼ 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 VDDCS. However, this is not high enough to power the clock
circuit. As the input voltage increases, the VDDCS also increases, making it possible
to start up the boost converter.

Figure 6.34 shows the voltage at node VDDCS against VIN. The boost converter can
start up and achieve steady-state operation (phase C) for VIN ffi 11 mV, when VDDCS

is high enough (�420 mV) to allow efficient switching of the LSS. It should be noted

Table 6.7 Startup voltages
for several ES-XCO inductor
combinations

L1 (μH) L2 (μH) Startup (mV)

4.7 33 28

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 VDDCS,
VA1, and VA2 vs VIN for
RS ¼ 6 Ω
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that the oscilloscope probe imposes a relevant load (10 MΩ) at node VDDCS. Another
cold starter test, in which nodes VA1, VA2, and VDDCS were simultaneously measured
against VIN, is also shown in Fig. 6.34. The effect of loading the ES-XCO output
nodes using the probes of 10 MΩ and 3.8 pF clearly impairs the startup performance,
as can be noted by the difference in VDDCS when VA1 and VA2 are not being
measured.

The waveforms of VA1, VA2, and VDDCS are plotted against time in Fig. 6.35 for an
input voltage of 7.4 mV, which is the minimum VIN required to start up the ES-XCO
when nodes VA1 and VA2 are loaded by the oscilloscope probes. The measured
oscillation frequency is around 3.9 MHz for the values of L1 ¼ 1 μH and
L2 ¼ 100 μH.

6.6.2 VDD Buildup

Figure 6.36 shows VDDCS and CLKAB during startup for VIN ¼ 20 mV. As can be
seen, after the cold starter has established the voltage VDDCS, the CSRO starts to
oscillate. Every time the CSRO switches the transistor NM1AB, VDDCS drops a little

Fig. 6.35 Measured VDDCS,
VA1, and VA2 waveforms for
VIN ¼ 7.4 mV (RS ¼ 6 Ω)

Fig. 6.36 Measured VDDCS

and CLKAB during startup
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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 VDDCS node, thus increasing the VIN required for a given
VDDCS 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 CLKAB has started up, the boost operation begins, and node VDD builds
up. The complete buildup of VDD, VDDCS, and VOUT is shown in Fig. 6.37 for
VIN ¼ 30 mV. When VDD reaches approximately 420 mV, nodes VDDCS, VDD, and
VOUT are connected to each other, and once VDD reaches approximately 600 mV,
switch NM1C replaces switch NM1AB, the ZCS scheme starts to operate, and the
ES-XCO is disabled. Due to the gain in the efficiency delivered by the ZCS scheme,
VDD starts to increase at a faster rate, reaching a steady state for VDD 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, VM and VG,HSS 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,HSS.
Figure 6.39 shows the waveform of VM, 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 VM, whereas late opening does not.
Figure 6.40 shows the VM waveform in detail for early and late openings.

Fig. 6.37 Measured VDDCS,
VDD, and VOUT buildup
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6.6.4 Clock Frequency

As explained in Sect. 6.4.5, four external bits are used to control fSW to maximize the
harvesting efficiency. Figure 6.41 shows the measured waveform of the CLKC signal
for maximum (word 1111) and minimum (word 0000) settings.

Fig. 6.38 VG,HSS waveform during steady-state operation

Fig. 6.39 VM waveform during steady-state operation
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6.6.5 Efficiency

The extraction and end-to-end efficiencies were measured for different RS 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 MΩ load (oscilloscope load)

Fig. 6.40 VM waveform for (a) early opening and (b) late opening of the HSS
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connected at the output. For this condition, the output voltage is 690 mV, and ηend-to-
end is 2.4%.

The system delivers better efficiencies for RS ¼ 40 Ω as compared with RS ¼ 6 Ω.
For VIN > 42 mV, ηend-to-end reaches a plateau with a value of the order of 83%, with a
peak ηend-to-end of 85% for VIN ¼ 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 VIN, validating the MPPT
approach. The maximum output power was 2.8 mW for VIN ¼ 132 mV and
RS ¼ 6 Ω.

Keeping VS fixed, the efficiency was measured for different load conditions.
Since for light load conditions VOUT 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 VS with RS ¼ 40 Ω. Two specific regions can be

Fig. 6.41 CLKC signal for
(a) maximum (45.44 kHz)
and (b) minimum
(33.71 kHz) frequency
settings
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observed. In one region, VOUT is limited to 1 V, and the efficiency is proportional to
the load current. In the other region, VOUT is not limited, and thus, the system
maximizes the extraction efficiency. The threshold between the two regions is
indicated for VS ¼ 20 mV.

Fig. 6.42 Maximum end-to-end and extraction efficiencies vs VIN for different RS values

Fig. 6.43 End-to-end
efficiency vs load current for
different VS values
(RS ¼ 40 Ω)
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