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Abstract
Energy harvesting is identified as an alternative solution for powering
implantable biosensors. It can potentially enable the development of selfpowered implants if the harvested energy is properly handled. This development implies that batteries, which impose many limitations, are replaced by
miniature harvesting devices. Customized interface circuits are necessary to
correct for differences in the voltage and power levels provided by harvesting devices from one side, and required by biosensor circuits from another.
This thesis investigates the available harvesting sources within the human
body, proposes various methods and techniques for designing power-efficient
interfaces, and presents two CMOS implementations of such interfaces.
Based on the investigation of suitable sources, this thesis focuses on glucose biofuel cells and thermoelectric harvesters, which provide appropriate
performance in terms of power density and lifetime. In order to maximize
the efficiency of the power transfer, this thesis undertakes the following steps.
First, it performs a detailed analysis of all potential losses within the converter. Second, in relation to the performed analysis, it proposes a design
methodology that aims to minimize the sum of losses and the power consumption of the control circuit. Finally, it presents multiple design techniques to
further improve the overall efficiency.
The combination of the proposed methods and techniques are validated by
two highly efficient energy harvesting interfaces. The first implementation, a
thermoelectric energy harvesting interface, is based on a single-inductor dualoutput boost converter. The measurement results show that it achieves a
peak efficiency of 86.6% at 30 µW. The second implementation combines the
energy from two sources, glucose biofuel cell and thermoelectric harvester, to
accomplish reliable multi-source harvesting. The measurements show that it
achieves a peak efficiency of 89.5% when the combined input power is 66 µW.
Keywords: Energy harvesting interface, thermoelectric generator, glucose biofuel cell, power management, dc-dc converter, boost converter, zerocurrent switching, zero-voltage switching, implantable biosensor.
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Sammanfattning
Energiskörd har identifierats som en alternativ lösning för att driva inplanterbara biosensorer. Det kan potentiellt möjliggöra utveckling av självdrivna inplanterbara biosensorer. Denna utveckling innebär att batterier, som
sätter många begränsningar, ersätts av miniatyriserade energiskördsenheter.
Anpassade gränssnittskretsar är nödvändiga för att korrigera för de skillnader i spänning och effektnivå som produceras av de energialstrande enheterna,
och de som krävs av biosensorkretsarna. Denna avhandling undersöker de
tillgängliga källorna för energiskörd i den mänskliga kroppen, föreslår olika
metoder och tekniker för att utforma effektsnåla gränssnitt och presenterar
två CMOS-implementeringar av sådana gränssnitt.
Baserat på undersökningen av lämpliga energiskördskällor, fokuserar denna avhandling på glukosbiobränsleceller och termoelektriska energiskördare,
som har lämpliga prestanda i termer av effektdensitet och livstid. För att
maximera effektiviteten hos effektöverföringen innehåller denna avhandling
följande steg. Först görs en detaljerad analys av alla potentiella förluster
inom boost-omvandlare. Sedan föreslår denna avhandling en designmetodik
som syftar till att maximera den totala effektiviteten och effektförbrukningen.
Slutligen presenterar den flera designtekniker för att ytterligare förbättra den
totala effektiviteten.
Kombinationen av de föreslagna metoderna och teknikerna är varierade
genom två högeffektiva lågeffekts energigränssnittskretsar. Den första inplementeringen är ett termoelektriskt energiskördsgränssnitt baserat på en induktor, med dubbla utgångsomvandlare. Mätresultaten visar att omvandlaren
uppnår en maximal effektivitet av 86.6% vid 30 µW. Det andra genomförandet kombinerar energin från två källor, en glukosbiobränslecell och en termoskördare, för att åstadkomma en tillförlitlig multi-källas energiskördslösning. Mätresultaten visar att omvandlaren uppnår en maximal effektivitet av
89.5% när den kombinerade ineffekten är 66 µW.
Nyckelord: Energiskördsgränssnitt, termoelektrisk generator, glukosbiobränslecell, energihantering, DC-DC-omvandlare, boost-omvandlare, inplanterbar biosensor.
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Chapter 1

Introduction
Semiconductor process scaling has been transforming the electronics industry ever
since the first integrated circuits (IC) were introduced in 1959. It has enabled the
exponential growth of the number of transistors in an integrated circuit over the
years, a trend that was predicted by Gordon Moore and that has been valid for
decades. Smaller feature size and increased density have led to the improvements in
almost every aspect of electronic circuits. Namely, the cost and power consumption
per function have been reducing while, at the same time, the speed and memory
capacity have been increasing. This development has revolutionized the industry of
hand watches and calculators during 1980s followed by the personal computers in
1990s. In 2000s, the penetration of ICs into the radio frequency (RF) applications
has resulted in the breakthrough in communications. Currently, the recent advances
in the ICs are driving the upsurge of the consumer electronics industry. Considering the potential impact and possible opportunities, it is rightfully expected that
the personal medical electronics is one of the next industries that are going to be
transformed by the advances and miniaturization of ICs.
The miniaturization of electronics itself is not enough for revolutionizing wearable/implantable devices for personal medical care. Such devices are rather complicated heterogeneous systems, which comprise a variety of technologies that have
to follow the pace of development set by microelectronics so that medical devices
can achieve notable improvement. In particular, the battery technology has proved
to be the main limiting factor because the energy density of batteries has been
far from following the exponential growth of the density of ICs. The pacemakers, for instance, clearly demonstrate such limitation considering that their total
volume, dominated by a battery, has hardly changed over decades of evolution.
Nevertheless, the electronics have been able to offset the limitations imposed by
batteries to some extent by significantly improving the energy efficiency of the systems. Ultra-low power critical blocks can extend the lifetime and/or reduce the
total form factor of medical devices by reducing the required energy capacity and,
consequently, the size of the battery. For this reason, recently, minimizing the
1
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Figure 1.1: The concept of Internet of Medical Things.

power consumption of the communication sub-systems, which dominate the power
budget of wearable/implantable medical devices, has been of particular interest to
researchers [1–3]. In addition, advances in material science and sensor technology
in cooperation with the shift of micro-electro-mechanical systems (MEMS) towards
nano-electro-mechanical systems (NEMS) have led to developing new sensing devices while shrinking the size and improving the sensitivity of the existing ones [4].
Finally, higher computational capabilities and novel machine learning algorithms
used for processing the collected data can improve the clinical understanding and
potentially lead to completely new knowledge about the sensed biological signals [5].
As a result, personal medical devices for many applications are approaching the
breakthrough solutions in terms of cost, size, and usability. Such devices, distributed around the body and connected into a network, enable continuous health
monitoring and support the development of visionary concepts such as the Internet
of Medical Things (IoMT) [6].
IoMT is conceived as a platform that connects the network of wearable or implantable medical devices with a health-care provider through the means of portable
computers, preferably smartphones, and a cloud data storage, as it is illustrated in
Fig. 1.1 [6]. These platforms have enormous potential for monitoring, diagnosing
and prevention purposes [7]. However, there are still many challenges to overcome
at every level of abstraction so that such platforms become mainstream. At the
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platform level, for instance, the critical challenges are related to connectivity and
data security. At the same time, individual wearable/implantable devices should
solve the potential issues arising from lifetime, reliability and biocompatibility requirements among others. This research addresses the powering aspects of individual medical devices, considering these specific requirements. The main focus is on
implantable biosensors since they provide many advantages and demonstrate very
high potential for many medical applications. Additionally, the power autonomy
for implants is crucial.

1.1

Background on Implantable Biosensors

The benefits of using implantable biosensors instead of a non-invasive wearable
counterparts are mostly related to their direct access to a biological signal of interest (analyte). In general, direct access to an analyte results in a better sensitivity
and selectivity of a biosensor due to a higher amplitude of the sensed signal. Sensitivity and selectivity are very important metrics for evaluating biosensors’ quality.
Therefore, implantable biosensors are an advantageous and favorable choice for
many applications. In some applications using an implantable solution is necessary since it is the only way to access the biological signal. Deep brain stimulation
(DBS), which can provide benefits for people with a variety of neurological conditions [8], is one example of the application which requires a fully implantable
device.
The idea of using an implantable medical device to assist the patients originates
from 1950s when the appearance of transistors opened the possibility of implementing fully implanted pacemakers [9]. In 1958, for the first time, a pacemaker
was implanted into the human body to help the patient with a heart condition by
stimulating the heart with electrical pulses. Until today, millions of pacemakers
have been implanted in patients all over the world. The early implantable devices
also include the defibrillators that address the ventricular tachycardia and cardiac
arrhythmia [10, 11]. In 1969, approximately 11 years after the pacemaker, the first
cochlear implant for hearing aids was implanted. Another example of well-known
devices is certainly retinal implant for partial vision restoration [12]. There is also a
myriad of new and emerging medical applications, such as blood pressure monitoring [13] for hypertension, glucose monitoring [14] for diabetes and monitoring the
brain neural activity [15] for a wide variety of neural disorders including but not
limited to Parkinson disease, epilepsy, paralysis, chronic pain, dystonia and even
depression [8, 16, 17]. Most recent applications are related to drug delivery systems
and artificial organs [18, 19].
A block diagram of a typical implantable biosensor is shown in Fig. 1.2. It consists of separate blocks for sensing/actuation, signal processing, communication,
and energy management as well as for energy storage (typically a battery). The
numerous requirements in terms of lifetime, size, reliability and biocompatibility
impose rather challenging specifications at the system level as well as block level
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Figure 1.2: Block diagram of an implantable biosensor powered by a battery.

of implantable medical devices. First of all, the lifetime of an implantable device
should be as long as possible. In fact, it is preferable that the lifetime of an implant exceeds the life expectancy of a patient. This is because the replacement
involves an invasive surgery which is often uncomfortable and sometimes even impracticable due to patient’s age or poor state. Prolonging the lifetime of an implant
implies improving the battery capacity and/or further reducing the system’s power
consumption since a depleted battery is the most common reason for a replacement. Therefore, novel battery technologies, alternative powering solutions, and
energy efficient electronics are critical research focus areas when it comes to the
further development of implantable devices. Second, the implant should have very
small volume (preferably less than 1 cm3 ), so it can comfortably fit within the human body without interfering the daily activities of a person. The size limitation
trades-off with the lifetime and complexity of the implantable device. These relations have to be addressed carefully from the system level point of view. Third, the
implantable device has to be highly reliable. Otherwise, it could potentially endanger patient’s life. Finally, the implant has to be biocompatible, so it does not cause
any unexpected immune response, implant rejection or similar. Therefore, there are
many challenges to tackle and obstacles to circumvent until fully functional, power
autonomous and patient-friendly implantable medical devices are implemented.
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Figure 1.3: Block diagram of an implantable biosensor powered by energy harvesting.

1.2

Motivation

The majority of implantable devices nowadays are powered by batteries. A battery
can power an implant only for a limited time before it is completely depleted.
This time depends on the size and energy density of the battery as well as on the
power consumption of the whole system, and usually, determines the lifetime of
the implantable device. For example, a medium complexity implant that consumes
100 µW would discharge a reasonably sized lithium battery (around 1 cm3 ) in
less than a year [20]. As a result, a battery would require replacement, which
means another surgery for a patient. Such a battery probably occupies most of the
implant’s total volume, limiting the size of the implant as well. Moreover, there are
also other concerns related to batteries. They are prone to hazards and contain toxic
materials which could conflict with implant’s ability to achieve biocompatibility
specifications. Finally, batteries are very hard to recycle and raise environmental
issues even if being properly discarded. From these numerous limitations imposed
by batteries, it can be deduced that the batteries hold back the further progress
of implantable devices. To facilitate the further development of implants, first
and foremost, the lifetime of an implant has to be drastically prolonged without
sacrificing the form-factor. Ideally, reaching unlimited lifetime by fully autonomous
operation could lead to a real breakthrough in medical device technology in general.
For such developments, alternative powering solutions have to be investigated.
Energy harvesting is considered as the most promising alternative to batteries.
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It is a process of harvesting the energy directly from the environment. The energy,
in the form of heat, vibrations, light or chemical bonds is converted into electrical
energy and used to power electronics. In the case of implantable devices, the energy
is harvested from within the human body. The energy harvesting technology can
completely replace the battery and potentially make the system fully autonomous
if certain conditions are fulfilled [21]. These conditions are related to the available
and required power levels and will be discussed in detail in Chapter 3. As a matter
of fact, energy harvesting could also complement a battery instead of completely
replacing it and, by doing so, it could reduce the implant size and prolong its
lifetime at the same time. However, such configuration still has a limited lifetime
due to a relatively low number of charging cycles that batteries can handle. The
battery-less powering approach offers many advantages by bypassing the majority
of potential problems imposed by batteries. These advantages include longer and
potentially even unlimited lifetime, reduced size, improved biocompatibility and
better ECO-friendliness. However, an implant powered by energy harvesting still
requires an energy storage device to be incorporated into the system. A block
diagram of an implantable biosensor powered by energy harvesting is shown in
Fig. 1.3. In order to embrace the potential advantages, a simple capacitor or a
supercapacitor are preferred over batteries due to their superiority in terms of cycle
life (number of charging cycles) [20]. Therefore, an implant with energy harvesting
capabilities and the properly incorporated energy storage device could become fully
autonomous and lead to a breakthrough in the development of medical devices and
the IoMT concept.
While energy harvesting powered implants could conceivably enjoy many benefits in the foreseeable future, at the moment, they are facing numerous challenges
from the practical implementation point of view. These challenges mainly arise
from the extremely constrained size and limited available energy that can be extracted from the environment. As a result, a few available sources within the
human body generally provide extremely low power levels, in the order of tens of
µW [22, 23]. Moreover, the energy harvesting is, by nature, sporadic and unpredictable, so even these low power levels are not guaranteed to be sustainable over
time. In addition, the output voltages are either a very low DC voltage or an AC
voltage. The former requires a DC to DC voltage conversion, while the later needs
AC to DC as well as DC to DC voltage conversion so that the energy harvesting
device can power electronic circuits. Therefore, a dedicated interface is necessary
to cope with unpredictable power/voltage levels, rectify and/or up-convert these
voltages to proper voltages for powering the circuits of the implant. The interface should also extract the maximum possible power from the harvesting source,
and efficiently transfer that power to the energy storage device and, subsequently,
to the implant circuitry. An efficient power transfer implies that the interface itself should consume only a fraction of the total available power, which is already
extremely low. To overcome these challenges, energy harvesting interface circuits
have been the subject of extensive research in recent years. As a result, numerous
techniques and various interface ASICs (application-specific integrated circuits) for
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relatively low voltage/power energy harvesting have been proposed in the literature [24–29]. However, these solutions usually target either higher voltage levels
or higher power levels than those available in implantable medical applications.
As the voltage/power levels decrease, the performance degrades, and the power
delivered to the load becomes insufficient for powering the circuits of an implant.
For these reasons, energy harvesting interfaces that can cope with extremely low
and unpredictable voltage/power levels and achieve high efficiency at the higher input voltage/power range are essential for the development of implantable medical
devices.

1.3

Research Objectives

The main goal of this thesis work is to pave the way for the development of reliable self-powered implantable medical devices. In particular, this work focuses on
tailoring the interface circuits according to the characteristics of in-body energy
harvesting sources to maximize the power delivered to an implant. To fulfill this
goal, a few essential objectives have been identified:
• Objective 1: Investigate and select the most appropriate implantable energy
harvesting sources for powering implantable biosensors.
• Objective 2: Explore and propose energy harvesting interface solutions
which could enable the development of self-powered biosensors.
• Objective 3: Analyze and develop methods and techniques for minimizing losses and power consumption within the energy harvesting interfaces to
achieve an efficient power transfer.
• Objective 4: Implement and verify an energy harvesting interface ASIC
that achieves high conversion efficiency at extremely low input voltage/power
levels.
• Objective 5: Implement and verify a multi-source energy harvesting interface ASIC that combines power from different sources to improve the system
reliability and increase the total available power.

1.4

Research Contributions

The author’s contributions to the aforementioned aspects are summarized as follows:
• Contribution 1: A system-level design methodology for boost converter
based energy harvesting interfaces is developed. The methodology aims to
reduce the power consumption and minimize the losses within the converter
in order to achieve high conversion efficiency. To accomplish this goal, an
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in-depth analysis of losses is performed, and the expressions for all significant
losses mechanisms are derived. Based on the analysis, methods and techniques for optimizing the overall efficiency of single/multi-source interfaces
are proposed and presented. ([Paper III], [Paper IV] and [Paper V])
• Contribution 2: A control strategy for ultra-low power boost converters
is proposed, implemented and verified. The control employs multiple techniques so that the converter can achieve high conversion efficiency at extremely low input power levels. The improved zero-current switching and
the proposed zero-voltage switching techniques mitigate the synchronization
losses, while the dynamic frequency scaling reduces the switching losses. The
implemented low-power digital control reconfigures the converter to achieve
maximum power extraction from a single or multiple sources as well as high
conversion efficiency at the same time. ([Paper I],[Paper II], [Paper IV]
and [Paper V])
• Contribution 3: A thermoelectric energy harvesting interface for implantable
medical applications is implemented and validated. The interface is based on
a single-inductor dual-output boost converter. The converter is implemented
following the previously developed design methodology and using the proposed control techniques. The measurement results show that the converter
achieves high conversion efficiency (>80%) for input power levels above 10 µW
and a peak efficiency of 86.6% at 30 µW. The converter can operate from input
voltages as low as 15 mV. ([Paper III])
• Contribution 4: An energy harvesting interface for implantable medical applications that combines energy from glucose biofuel cell and thermoelectric
generator is implemented and verified. The interface is based on a singleinductor dual-input dual-output boost converter which enables the maximum
power extraction from two harvesters and allows the complex digital functionality of the control circuit. The measurement results show that the converter
achieves high conversion efficiency (>80%) when the combined input power
from two sources is greater than 9 µW and a peak efficiency of 89.5% at
66 µW. The converter can operate from input voltages as low as 10 mV for the
thermoelectric generator and 30 mV for the glucose biofuel cell. ([Paper V])

1.5

Thesis Organization

This thesis is organized into six chapters as follows:
• Chapter 1 introduces and motivates this thesis work. In addition, this chapter provides the background, describes the objectives and presents the author’s contributions as well as the thesis outline.
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• Chapter 2 presents a brief overview of the current and emerging state-of-theart energy harvesting sources suitable for implantable medical applications.
The potential sources are discussed and compared against each other in terms
of most important performance metrics and requirements.
• Chapter 3 addresses the challenges for enabling self-powered implantable
biosensors. The powering requirements at the system level are identified and
discussed. The power level available from harvesters and the power level required by implantable biosensors are estimated and compared. The observed
discrepancy between these power levels is explained, and the possibilities for
circumventing this issue are addressed.
• Chapter 4 presents the design considerations for ultra-low power energy
harvesting interfaces focusing on boost converter based interfaces. It covers
the extensive analysis of losses within the converter and explains the efficiency
optimization technique which is the result of this analysis. In addition, this
chapter provides the control strategy and introduces a few control techniques
for achieving low power consumption of the control, minimizing the losses and
reaching high overall efficiency.
• Chapter 5 reports the implementations of two energy harvesting interface
ASICs for implantable medical applications, namely, a high-efficiency singlesource thermoelectric energy harvesting interface and a dual-source energy
harvesting interface for simultaneous glucose biofuel cell and thermoelectric
harvesting. This chapter also presents the proposed design methodologies and
techniques, explains the circuit implementations and highlights the measurement results of these designs.
• Chapter 6 concludes the thesis and suggests the directions and ideas for
future research.
The research outcomes that have been previously published in the author’s
Licentiate thesis [30] are included in this thesis as well.

Chapter 2

Energy Harvesting Sources
Energy harvesting has been identified as an advantageous alternative to batteries
in many applications [20–22, 31], ranging from hand watches to structural health
monitoring devices [32]. Energy harvesting is especially beneficial when the powered device is physically inaccessible or hard to reach, but it also proves useful in
many applications in which periodically changing a battery is simply not convenient
or cost effective. Theoretically, energy harvesting could power any standalone device or system whose power consumption is less than the harvested power, which
allegedly makes the number of potential applications unlimited. However, the harvested power depends greatly on the particular environment and the energy available in the vicinity of the powered device. As a result, in some applications, the
development of energy harvesting solutions is extremely challenging or even completely impractical, regardless of how much power the system requires. For this
reason, it is essential to understand the environment of potential application in
order to be able to estimate the actual amount of available energy that the environment could provide.
Implantable medical systems could particularly benefit from potential energy
harvesting solutions considering their constraints in battery replacement. Unfortunately, such solutions are very challenging to implement due to the constrained
size and scarcely available energy in the environment (human body). This chapter
identifies the potential energy harvesting sources within the human body and investigates the amount of power that can be extracted and potentially delivered to
an implant. This step is crucial in determining whether the autonomous powering
of implantable medical devices is feasible.

2.1

Energy Harvesting for Implantable Devices

The pacemaker was the first device implanted into the human body in 1958 [9].
This pacemaker was operating for only three hours before it failed. Ever since
then, the limited lifetime was one of the main problems of implantable devices.
11
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The short lifetimes were usually caused by power shortages of highly unreliable
sources. The initial implants were using zinc/mercury oxide batteries, which had
many drawbacks concerning biocompatibility and reliability. At that time, even
nuclear energy was considered as an alternative. Nickel/cadmium rechargeable
batteries were used until, finally, advantageous lithium batteries appeared in 1970s,
providing higher energy density and improved reliability [9]. Today, more than
four decades later, the majority of implantable devices are still powered by lithium
batteries. Therefore, the power sources, with limited energy capacity, were holding
back the progress of implantable devices for decades and they still continue doing it
today. In fact, besides the lifetime, batteries also limit the form factor and question
the biocompatibility of implantable devices, while raising the environmental issues,
at the same time.
Recently, energy harvesting has received significant attention as an alternative
powering source for implantable medical devices [22, 23, 33]. It has been recognized
as a very promising solution for enabling autonomous medical devices [22,23]. These
recent developments have placed the energy harvesting in the spotlight, but actually,
the concept of powering implants with harvesting devices dates from decades ago.
In fact, thermoelectric power generators were considered for co-integration with
nuclear sources in the earliest implantable devices [34]. However, it is only the
latest technology advancements that made the energy harvesting a truly feasible
powering source. In particular, two elements have enabled such development. First,
the power consumption of implantable systems has been pushed towards extremely
low values and, second, the power output of miniature harvesting devices has been
increased. As a result, the gap between the available and required power has been
substantially narrowed. Nevertheless, there are still many challenges to overcome
before energy harvesting can be used to power implantable devices.
Implants are completely surrounded by human tissue, so the harvesting environment is dark, thermoregulated and lacks continuous motion. Moreover, the human
body is a complex system whose biological balance should not be disturbed by any
means. For these reasons, it is evident that the human body is probably one of the
most challenging environments for energy harvesting. On top of that, implantable
devices are subject to many strict regulations regarding size, weight, reliability and
biocompatibility, which further limit the usability of potential harvesting sources in
practice. Nevertheless, even within the human body, which is a rather hostile environment, there are certain energy harvesting sources that can fulfill all the imposed
restrictions. They include, but are not limited to the following:
• Vibration – Human motion generates the kinetic energy that can be harvested and perhaps used to power an implantable device. There are different
movement mechanisms associated with the human body, such as sporadic
whole body movements when a person is walking or running, and continuous
periodic movements of a beating heart or breathing lungs.
• Thermal – Temperature gradient is another potential source of energy. The
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human body is indeed thermoregulated and tries to maintain a constant temperature, but a small thermal gradient still exists. As a matter of fact, the
temperature of the body is the highest in the core and slowly decreases until it
reaches the surface of the skin. This temperature difference within the human
body of a few degrees could perhaps provide sufficient energy for powering
implants.
• Biochemical – Certain chemical compounds in the human body, such as
glucose, contain energy in the form of chemical bonds. This energy is released
during certain chemical reactions and can be harvested and used to power
implants.
• Ambient RF – Numerous RF systems nowadays are constantly communicating with each other. The RF microwaves used for this purpose carry a
certain amount of energy that penetrates the human body. This energy can
also be harvested using miniature implantable antennas.
Besides these somewhat established sources, there are also emerging ones, such
as endocochlear potential (electrochemical bio-potential inside the mammalian ear)
[35], which may become significant in the near future. It should be noted that the
energy transfer using the inductive coupling and RF energy transfer with a dedicated energy source could also be used to power implantable devices. However, they
are considered here as an energy transfer method rather than energy harvesting.
For this reason, these techniques are not included in the list of potential energy
harvesting sources within the human body.

2.1.1

Vibration Energy Harvesting

There are three primary mechanisms for converting motion or vibration to electrical energy: electromagnetic, electrostatic and piezoelectric. A general model for
converting the energy of a vibrating mass to electrical energy, which is roughly valid
for all these mechanisms, is illustrated in Fig. 2.1 [36]. The underlying system can
be described as [36]:
mz̈ + (be + bm )ż + kz = −mÿ,

(2.1)

where m is the mass, y is the input displacement, z is the spring deflection, k is the
spring constant, be and bm are the electrical and mechanical damping coefficients,
respectively. The resulting electrical power is equal to the power collected by the
electrically induced damping. The simplified expression for the generated power is
given as:
|Pe | =

mξe ω 3 Y 2
,
4(ξe + ξm )2

(2.2)

where Y is the displacement magnitude, ξe and ξm are the electrical and mechanical
damping ratios respectively, and ω is the input frequency.
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Figure 2.1: General model of a vibration energy harvester.

A few observations can be made from Eq. (2.2) in connection to implantable
applications. First, the generated power strongly depends on the input frequency,
which is determined by the application of the energy harvester and the environment.
In the case of the human motion, the fundamental frequencies are usually around
1 Hz, while according to some recent studies, the spectral content of a moving
person spans up to tens of Hz [37]. Nevertheless, these frequencies are very low, so
the achievable power levels are rather limited. Second, the displacement magnitude,
which also defines the generated power, depends on the nature of the human motion.
As a result, the generated power will differ very much from person to person based
on age, health, mobility and many other factors. The generated power will also
depend on the placement point of an implant within the body. For instance, a
device inside the patient’s leg would harvest higher amounts of power than one
in the abdomen. Finally, the generated power is proportional to the oscillating
mass whose value is limited by both size and weight of an implant. Nevertheless,
decent power densities (reaching 100 µW/cm3 ) have been reported in the literature,
regardless of numerous limiting factors [38, 39].
As previously mentioned, there are three mechanisms for harvesting energy from
vibrations/motion. Electromagnetic transducers rely on the Faraday Law to
convert the mechanical energy into electrical energy. The movement of a magnetic mass causes a variation of the magnetic flux in the nearby coil which, as
a result, generates an AC voltage. Generally, in electromagnetic generators, the
output power trades-off with the device volume. The harvested power depends on
the number of windings in a coil and, consequently, on the size of a device. The
electromagnetic generators are also prone to damage over time due to a friction
of the oscillating parts. This limits the lifetime of the harvesters. Only a couple
of miniature electromagnetic transducers, which target low-frequency applications,
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have been reported in the literature [38,40]. The device in [38] achieves a power density of around 100 µW/cm3 at the operating frequency of 56.6 Hz. Electrostatic
transducers utilize variable capacitors to convert the mechanical into electrical
energy. The electrical power is generated by changing the distance or the overlap of the capacitor’s plates due to the motion or vibration. Electrostatic energy
harvesters are suitable for miniaturization and scaling, and can be implemented in
MEMS technology and co-integrated with the CMOS technology. The only minor
issue is that the capacitor needs to be pre-charged to operate properly. For example, the harvester presented in [41] is fabricated using MEMS technology, and it
is suitable for biomedical applications. This non-resonant device operates in the
range 1 Hz–100 Hz and it can, theoretically, provide 27 µW/cm2 at 30 Hz. However, in practice, the measured power density is significantly lower. Piezoelectric
transducers are based on the properties of piezoelectric materials, which generate
a voltage when exposed to mechanical stress. Unlike in electrostatic transducers,
no pre-charge is required. A potential disadvantage is that piezoelectric materials have a relatively high resonance frequency compared to the frequencies of the
human motion. In [39], piezoelectric transducer made of the aluminium nitride
obtains a maximum power density of around 60 µW/cm3 at 572 Hz.
The electrostatic transducers provide relatively high power density and offer
excellent scaling and integration possibilities which make them well-suited for implantable applications. For these reasons, they are, at the moment, probably the
most promising among the transduction mechanisms for vibration/motion energy
harvesting in the human body. At the same time, based on the level of research
engagement and recent advancements, piezoelectric devices have been established
as a very promising solution. It is also important to note that vibration energy harvesters can be hermetically sealed, so it can be claimed that they are generally biocompatible. Commercial vibration energy harvesters exist for various applications,
such as, for instance, industrial automation or rail monitoring [42, 43]. However,
none of those solutions is suitable for low-frequency micro-scale energy harvesting
from the human body.
The vibration energy harvester generates an AC voltage, so it requires a customized interface to be able to power an implant. In general, this interface should
contain a rectifier and a step-down converter. The power transfer efficiency is
the primary concern in the interface design since the harvested power is very low.
State-of-the-art interfaces for low power vibration energy harvesting that achieve
85% efficiency have been reported in the literature [25, 44, 45].

2.1.2

Thermal Energy Harvesting

Thermal energy harvesting is based on the Seebeck effect, which states that two
junctions made of dissimilar conductors and being exposed to different temperatures will establish an open circuit voltage in between them. The basic element of
thermal energy harvesters is a thermocouple, which is composed of two semiconductor materials (P-type and N-type) and metal connections, as it is illustrated in
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Figure 2.2: Thermocouple.

Fig. 2.2. Due to the temperature difference at the opposite sides, charge carriers are
diffusing from the hot to the cold side establishing an electrical potential. Thermocouples can be joined to form a larger structure called thermopile, which operates
as a thermal energy harvester. Thermocouples within a thermopile are connected
in parallel from the thermal point of view, and in series from the electrical perspective. Assuming that the number of thermocouples inside a thermopile is n, then its
electrical parameters, the open circuit voltage VT EG and internal resistance RT EG ,
are given as:
VT EG = nα∆T,
(2.3)
h
RT EG = 2nρ ,
(2.4)
S
where α is the Seebeck coefficient, ∆T is the temperature difference between the
opposite sides, ρ is the electrical resistivity of the materials (assumed to be equal
for simplicity), h is the height, and S is the base area of the thermocouple pillars.
The equivalent electrical model of the thermopile is very simple, it is basically a
voltage source in series with a resistor, as it is shown in Fig. 2.3a. The harvested
power can be derived as:
PT EG =

VT2EG
nα2 S
=
∆T 2 .
4RT EG
8ρh

(2.5)

Eq. (2.5) reveals a few findings. First, the generated power depends on the
number of thermocouples inside the harvesting device. Unfortunately, this number
can be increased only by expanding the total area, since there is an optimal density
of thermocouples within the thermopile for which the highest efficiency is achieved
[22]. Second, the generated power is mainly defined by the temperature difference
across the thermopile’s plates, ∆T . This temperature is actually lower than the
total temperature difference available in the environment, ∆Ttotal . To clarify this

2.1. ENERGY HARVESTING FOR IMPLANTABLE DEVICES

TEG

17

Thermopile

θsource

RTEG

ΔTtotal

VTEG

ΔT

θT

θsink

(a)

(b)

Figure 2.3: Equivalent models of a thermal energy harvester: (a) Electrical equivalent circuit, (b) Thermal model.

phenomenon, the equivalent thermal model of the harvester, illustrated in Fig.
2.3b, should be considered [46]. The thermal resistor θT represents the parallel
connection of the thermal resistance of the pillars and the thermal resistance of the
air in between those pillars, while θsource and θsink represent the thermal resistances
of the heat exchange between the plates of the thermopile and the environment.
The actual temperature difference is given as [46]:
∆T = ∆Ttotal

θT
θT + θsource + θsink

.

(2.6)

Therefore, ∆T approaches ∆Ttotal when θT is maximized compared to the sum
θsource + θsink . Consequently, there are two ways to increase the generated power
of a thermoelectric harvester. One way is to further increase θT by placing several
devices in series (thermally), which is equivalent to stacking them on top of each
other. However, this would increase the total size of the resulting device. Another
way is to decrease the sum θsource + θsink by carefully addressing the thermal
characteristics of the device’s plates and the outer surface. Unfortunately, this sum
is mainly defined by the thermal properties of the environment so only limited
improvements can be accomplished. The remaining parameters in Eq. (2.5) that
determine the generated power, namely the Seebeck coefficient α, the resistivity
ρ and the ratio Sh of the pillars are defined by the used materials and technology
[22, 47].
In order to estimate the achievable power levels of the thermal energy harvesting,
it is crucial to investigate the available temperature difference within the human
body. In general, the variations of the temperature inside the body are relatively
low because the human thermoregulatory system tries to maintain the body temperature at approximately 37 ℃. Nevertheless, temperature gradient persists, and
differences of a few K can be detected. The highest temperature gradient (up to 5 K)
is available in the fat layer under the surface of the skin [48, 49]. The temperature
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Figure 2.4: Modeled tissue temperature profile under the skin.
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variation within the body is illustrated in Fig. 2.4 [48]. However, as it was already
mentioned, the actual temperature difference between the plates of the energy harvesting device is somewhat lower than these values. As a result, around 0.5 K–2 K
difference can be expected across the device [49, 50]. The commercially available
thermoelectric energy harvesters, or so-called TEGs (Thermo-Electric-Generators),
do not specifically target such extremely low power/voltage levels. Nevertheless,
some of them can successfully operate at a few K of temperature difference and are
available in miniature sizes. For instance, the state-of-the-art device from Micropelt [51] is only 3.3 mm × 2.4 mm in size and generates 8 µW at 1 K temperature
difference, which corresponds to a power density of 100 µW/cm3 .
Due to the limited temperature gradient inside the human body, the output
power, as well as the output voltage of an implantable thermal energy harvester, are
expected to be very low [49]. For instance, considering the temperature difference
of 0.5 K–2 K, the aforementioned device from Micropelt [51] could provide voltages
of 20 mV–80 mV and power levels of 2 µW–30 µW to a matched load. These values
make the thermal energy harvesting inside the human body extremely challenging.
Moreover, the harvester output cannot directly power the CMOS circuits. It requires a customized interface to up-convert the voltage to the levels required by the
CMOS circuits. Such interface circuits have been addressed by different research
groups, and potential solutions have been reported in the literature [24, 52–54].
The biocompatibility properties of TEGs should be considered for the use in
implantable medical applications. The main concern for thermal energy harvesters
is the toxicity of used thermoelectric materials. For instance, bismuth telluride has
a relatively low toxicity, but it can cause some mild health effects [48]. To solve
this issue, the device can be enclosed using a biocompatible material.
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2.1.3

Biochemical Energy Harvesting

Biofuel cell converts the energy stored in chemical bonds into electrical energy. It
generates power from complementary chemical reactions at a pair of electrodes, oxidation at the anode and reduction at the cathode electrode. Chemical reactions are
stimulated and accelerated by the catalyst. The difference between biofuel cells and
classical batteries is that in biofuel cells the concentration of reactants is continually re-established, which allows them to produce the electrical energy continuously.
Due to its omnipresence in body fluids, glucose is the most commonly used fuel in
biofuel cells. The glucose is oxidized at the anode, so it releases hydrogen ions and
electrons [55]:
C6 H12 O6 + H2 O −→ C6 H12 O7 + 2H + + 2e−
(2.7)
The residing hydrogen ions are passing through the protective membrane, while
electrons are being blocked by the membrane and directed through an external
load. This process is illustrated in Fig. 2.5. The oxidation is followed by the
reduction at the cathode, resulting in an overall charge neutrality [55]:
1
O2 + 2H + + 2e− −→ H2 O
2
The water produced by the reduction is also freely passing the membrane.

(2.8)
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Based on the used catalyst, the glucose biofuel cells can be classified into three
groups: enzymatic, microbial and abiotic fuel cells. Enzymatic biofuel cells are
enzymatically catalyzed. This type of biofuel cells employs enzymes, such as the
glucose oxidase and laccase, to accelerate chemical reactions. The enzyme-based
biofuel cells provide very high power densities up to 1.3 mW/cm2 [56]. In [57], a
miniature biofuel cell occupying only 0.0026 mm3 and providing 4.3 µW of power
is presented. In [58], this type of biofuel cell was implanted in a rat, providing
190 µW/cm2 for several days. However, the lifetime of the enzyme-base biofuel
cells is rather limited and can reach only a few months at present. Therefore, they
are usable only for applications that require a short-term powering. Microbial
biofuel cells are using living microorganisms to catalyze the reactions. Fuel cells
of this type are very efficient and have a self-regenerative characteristic, which provides them a theoretically unlimited lifetime. The power density of microbial biofuel
cells is also very high, reaching above 1 mW/cm2 [59]. However, these biofuel cells
are far from being biocompatible. Abiotic biofuel cells are abiotically catalyzed.
This kind of fuel cells utilizes non-organic catalysts such as noble metals or activated carbon. The power density of the abiotically catalyzed biofuel cells is limited
the µW level, and it is the lowest among all three types. On the other hand, unlike
enzymatic ones, the abiotic biofuel cells can provide energy for many months [60].
The glucose biofuel cells presented in [55] can be fabricated using fabrication techniques and processing standards that are compatible with manufacturing protocols
of CMOS integrated circuits. Thus, these biofuel cells can be integrated with the
CMOS circuits, such as harvesting interface or even complete biosensor, on the same
silicon die. Unfortunately, they are generating only 3.4 µW/cm2 . In [61], multiple thin glucose biofuel cells were stacked together to provide the power density of
16 µW/cm3 in total.
The output voltage of a miniature biofuel cell is relatively low (a few hundreds of
mV). Therefore, it also requires an interface circuitry in order to boost the voltage
at levels needed to power the CMOS circuits. Such interface circuits have been
reported in the literature [27, 62].
The glucose biofuel cells have been extensively tested on animals. For instance,
in [63], the rat has shown no signs of inflammation and rather good tolerance for
the implant after wearing it for 3 months. Nevertheless, further research and new
knowledge are needed to make sure that these devices are completely safe and
biocompatible.

2.1.4

Ambient RF Energy Harvesting

Ambient RF energy harvesting uses the energy of microwaves to produce electrical
power. Harvesting implies that the microwave sources are not dedicated for this
purpose, but are a part of standard broadband infrastructures. Otherwise, the setting would be considered as wireless energy transfer rather than harvesting. These
potential ambient sources include AM and FM radio, TV broadcasting, cellular
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networks and Wi-Fi networks. Considering the potential sources, it is evident that
the available power is much higher in urban than in the rural areas.
Assuming that the RF power source is transmitting a signal with the power PT ,
the theoretically received power is given by the Friis equation [20, 64]:
PR = PT

GT GR
,
Lpath

(2.9)

where Lpath is the signal attenuation on the path through free space, GT and GR
are the transmitting and receiving antenna gains, respectively. The attenuation
Lpath is defined by the distance from the transmitter, r, as:
Lpath = (

4πr 2
) ,
λ

(2.10)

where λ is the wavelength at the frequency of interest (λ = fc , c is speed of light).
The distance r is variable and depends on the locations of both the transmitter
and the receiving device. The power PT and the transmitting antenna gain GT are
fixed. Once the targeted band is selected, the wavelength is also set. Therefore, the
receiving antenna gain GR is the only parameter that can be designed to maximize
the received power. However, GR strongly depends on the physical size of the antenna. Consequently, the miniature antennas for implantable applications generally
have a very low gain. Moreover, it is extremely challenging to design a miniature
antenna for long wavelength bands, such as FM radio [65], which limits the choice
to the bands located at higher frequencies. High-frequency bands encounter strong
signal attenuations. As a result, the available ambient RF energy is very limited.
Note also that Eq. (2.9) does not take into account the obstacles in the signal path.
The achievable power density for medium size antennas is from 0.2 nW/cm2 to
1 µW/cm2 [65], which is quite low compared to other potential harvesting sources.
In implantable devices, the signal is additionally attenuated by the surrounding
human tissue. Moreover, the size and shape of the receiving antenna are limited by
the miniature form-factor requirements. Therefore, the achievable power densities
are expected to be considerably lower than 1 µW/cm2 .
For RF harvesting, the RF signal requires RF-to-DC conversion and probably
subsequent up-conversion of the DC voltage. The rectification of the low input
power/voltage signal followed by the DC-DC conversion results in a very low overall
efficiency of the power transfer (usually less than 40%). This low efficiency further
limits the actual power that is reaching the circuits of an implantable device [65,66].
Considering the biocompatibility requirements, it is possible to encapsulate the RF
antenna in a biocompatible material.

2.2

Comparison and Discussion

The comparison of the most promising energy harvesting techniques for implantable
devices is presented in Table 2.1. The comparison focuses on the theoretically
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Table 2.1: Comparison of potential energy harvesting sources for implantable devices.
Power
Comments
Density
[µW/cm2 ]
+ High power density
Thermal
+ Commercially available
Standard
100
[67, 68]
− Thermal matching
+ High power density
+ Low operating frequency
Electromagnetic 100
Vibration
− Damage over time
[38–41]
+ MEMS fabrication
+ Non resonant
Electrostatic
12
− Capacitor pre-charging
+ High power density
+ No capacitor pre-charging
Piezoelelectric
60
− High frequency
+ Very high power density
+ Biocompatible
Enzymatic
1300
Biochemical
− Short lifetime
[56–61]
+ Very high power density
+ Long lifetime
Microbial
1000
− Not biocompatible
+ Integration with CMOS
+ Long lifetime
Abiotic
16
+ Biocompatible
− Very low power density
RF Ambient
− Miniature antenna design
All
<1
[65]
− Low efficiency
Harvesting
Source

Type

achievable energy density, which has been identified as the critical performance
metric. Other notable characteristics, as well as pros and cons of the different
harvesting techniques, are emphasized in the comments section of the table.
Thermoelectric energy harvesters (TEGs) clearly stand out by achieving a superior power density compared to other potential sources. In addition, properly encapsulated TEGs are biocompatible and exhibit almost unlimited lifetime without
any performance degradation over time. The harvester provides a DC output voltage, while a fixed internal resistance of the harvester simplifies the maximum power
extraction. As a result, the energy harvesting interface can potentially achieve relatively high power transfer efficiency. Nevertheless, there are many challenges to
consider and circumvent in order to develop a fully functional thermoelectric pow-
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ering solution for implantable devices. These challenges originate mainly from a
very limited form-factor, which results in extremely low generated voltage/power
levels. It is also important to mention that the power density is estimated considering the bare device without proper packaging that is necessary for a particular
thermal flow and matching, as well as for meeting biocompatibility requirements.
Biochemical energy harvesting, or more precisely glucose biofuel cells (GBFCs),
demonstrate a great potential and could emerge as the most convenient solution
in the foreseeable future. This is justified by the recent improvements in terms of
achievable power density and the increasing possibility of co-integration with CMOS
circuits. In addition, certain non-enzymatic glucose biofuel cells have demonstrated
good long-term stability as well as biocompatibility [61]. Recent GBFCs present a
fixed internal resistance, similar as TEGs, so the maximum power extraction is also
relatively simple to achieve and does not require complicated tracking algorithms.
At the same time, their output voltage is DC, so the GBFC interface should be
able to achieve a relatively high efficiency.
The energy harvesting from the human motion and vibrations is also a viable
solution for powering implantable devices. However, the low-frequency nature of the
human motion and the strict size and weight limitations in implantable applications
limit the power density achievable in practice. Moreover, the output power depends
on the patient’s current activity. As a result, it greatly varies from person to person,
and also for a single person during the different parts of the day. As a result,
vibration energy harvesting can be considered as a relatively unreliable powering
source for critical implantable devices. The output voltage of a vibration energy
harvester is AC and requires two stages of conversion, AC-to-DC followed by a DCto-DC conversion. Such cascade scheme generally exhibits lower overall efficiency
compared to a single DC-to-DC conversion due to increased system complexity.
The energy density of RF ambient harvesting is the lowest among the covered
sources. In addition, there are many challenges related to designing receiving antennas that are miniature and high-gain at the same time. As a result, the amount
of harvested energy is relatively low and impractical for the majority of implantable
applications. Moreover, the harvested power depends on the person’s location and
whether the harvesting is performed in urban or rural locations. The voltage picked
up by the antenna is AC and requires an interface circuit that performs rectification
of an RF signal as well as DC-to-DC conversion. In general, such interfaces have
relatively low efficiency.
Besides these distinct sources, there are also emerging ones that could prove
useful in the near future. For instance, the endocochlear potential is able to provide
a few nW of power in in-vivo operation [35]. In fact, the endocochlear potential of a
guinea pig has been used to power an implant with an inbuilt radio communication.
However, such sources are in the early stage of development and currently can not
compete with relatively mature technologies, such as thermoelectric generators, in
terms of achievable power density.
Even though a single source, such as a thermoelectric generator, seems capable of
powering implants for various medical applications, the reliability of the complete
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system might be questioned. This is because the energy harvesting is sporadic
and unpredictable by nature. The instantaneous delivered power depends on the
current conditions in the environment and fluctuates over time, so extended periods
of extremely low or no power may occur. In many applications, such periods are
harmless, however, in certain medical applications they can be very dangerous. For
this reason, harvesting from multiple sources should be considered.
The multi-source energy harvesting improves the overall system reliability and
robustness, while it can also increase the total delivered power. On the other hand,
handling of multiple sources increases the system complexity. Note that the overall
power density of the combined sources is usually lower than the power density of a
superior single source. Multi-source energy harvesting interfaces have been reported
in the literature [29, 44]. The interface in [44] combines the power from solar, thermal and vibration sources using a single inductor that is shared between multiple
converters. In [29], the highly-efficient interface can harvest from solar, vibration
and RF sources in parallel. However, these solutions do not target implantable
medical applications. They achieve high efficiency only at voltage/power levels
that are higher than those available in implantable applications. Following this
idea, hybrid energy harvesting has been demonstrated recently in [69, 70]. Hybrid
sources are capable of extracting different types of energy from the environment at
the same time. For instance, in [69], a simultaneous biochemical and motion energy
harvester is presented. However, the performance of such sources is still far behind
the performance of the well-established ones.

Chapter 3

Enabling Self-Powered Biosensors
The previous chapter has overviewed the available energy harvesting sources within
the human body and identified the most promising ones based on their performance
and critical features. It has been shown that very high power densities can be obtained in theory, however, in practice, the expected power densities are somewhat
lower. The findings from the previous chapter can be simply summarized by looking
into the actual power levels that the most promising sources can provide in practical applications. Specifically, a single state-of-the-art TEG [68], which has been
identified as a source with a superior power density, can provide around 17 µW of
power to a matched load. This power level is estimated assuming that the temperature difference across the plates of the device is around 2 K in typical conditions.
Similarly, the most promising emerging source, i. e. the non-enzymatic glucose biofuel cell [61] can generate around 16 µW of power to a matched load. Note that
the total volume of this GBFC is larger that of the TEG, but it is still acceptable
since it fits into 1 cm3 . Both selected harvesting sources provide relatively low DC
voltages; typically around 60 mV can be expected at the output of a TEG, while
around 180 mV at the output of a GBFC. It is evident that these voltages can not
be used directly to power the circuits of a biosensor, which generally require stable
voltage supplies in the range of 1 V–2 V. In addition, the instantaneous power
consumption of biosensors can be quite high, reaching tens of mW during specific
periods of their operation. Therefore, in order to evaluate the possibility of developing self-powered biosensors, it is necessary to investigate and understand the power
requirements and behavior of biosensor circuits in more detail. At the same time,
it is quite certain that a dedicated interface is needed between an energy harvester
and biosensor circuits to adjust for these differences. In fact, an efficient energy
harvesting interface is essential for enabling self-powered biosensors. Therefore, it
is also necessary to define and clarify primary tasks of an interface circuit as well as
its requirements dictated by the biosensor circuitry from one side and the energy
harvesting device from another.
In this chapter, the power consumption and the required voltage supply levels
25
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of implantable biosensors will be evaluated for various applications. Additionally,
the system requirements for autonomous operation will be discussed. This chapter
also addresses the discrepancies between the power and voltage levels of harvesting
sources as opposed to biosensor circuits. Finally, it identifies the tasks and discusses
the challenges related to the practical implementation of energy management unit
as well as the interface circuit topologies that could handle these differences.

3.1

Biosensor’s Power Requirements

The power consumption of an implantable biosensor depends primarily on its application. In general, the power demand is determined by the needed rate of sensing
and the amount of communicated information. Hence, the applications that require
continuous sensing, processing, and transmitting of data are usually power demanding, while the occasional sensing and a small amount of transferred data correspond
to low power consumption. This is because most of the power is consumed by the
communication sub-systems while receiving and transmitting relevant data. Fortunately, most of the underlying biosignals change slowly, allowing biosensors to sense,
transmit and receive information infrequently. In fact, the majority of biomedical
applications require only a limited amount of exchanged information [71]. In such
applications, biosensors can tolerate aggressive duty-cycling, which implies that the
system is inactive most of the time. During the long inactive periods (sleep states),
the power consumption is extremely low. It increases when the system becomes active and reaches the peak values during the communication phase. A typical power
demand pattern of an implantable biosensor is illustrated in Fig. 3.1 [20, 71, 72].
Significant variations in the power demand during one complete cycle are evident,
ranging from nW levels in a sleep state, up to mW levels during transmission.
As it can be seen in Fig. 3.1, the average power consumption is strongly influenced by the duration of the sleep state. For example, the average power consumption of a glucose monitoring implantable biosensor can be considered. If the biosensor could measure and send data once every 5 minutes instead of every minute, the
average power consumption of a sensor would be reduced more than five times,
with a reasonable assumption that the power consumption during the sleep state is
negligible compared to the power consumption during the active state. In relation
to this, suppose that the active state of a biosensor lasts for tactive = D · T , where
D is the operation duty cycle and T is the complete cycle period. For simplicity,
the sensing, transmitting and receiving phases are all considered as the active state,
with an overall average power of Pactive , while the average power during the sleep
state is Psleep . Then the average power consumed by the biosensor in one cycle
is [73]:
Pc =

tactive
tsleep
Pactive +
Psleep ,
T
T

(3.1)

where tsleep = T − tactive is the duration of the sleep state. After a simple manip-
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Figure 3.1: Power consumption of a biosensor during one complete cycle.

ulation Eq. (3.1) becomes:
Pc = D · Pactive + (1 − D) · Psleep .

(3.2)

This expression can be further simplified by assuming that a biosensor does not
consume any power during the sleep state. Therefore, for Psleep = 0, the average
power is:
Pc = D · Pactive .

(3.3)

It is apparent from Eq. (3.3) that the average power consumption can be reduced
by decreasing the duty cycle (or, in other words, extending the duration of the
sleep state). Note that certain applications may not allow such manipulation of
duty-cycle since they may have strictly defined operation timings.
The biosensor requires a stable power supply voltage for proper operation. In
fact, since it is a relatively complicated system, which consists of different RF,
analog and digital sub-blocks, a biosensor usually requires multiple power supplies
at different voltage levels. In implantable biosensors and similar ultra-low power
applications, having multiple power supplies is beneficial primary in terms of power
savings. The supply voltage and, consequently, the power consumption of individual
blocks can be customized. For instance, digital circuits might be fast enough with
just half of the voltage supply required by the RF circuitry. On top of that, digital
circuits generate supply noise due to their switching characteristics and relatively
high feedthrough currents. This noise can be problematic for RF or other analog
circuits that require a "clean" supply voltage. Therefore, having separate power
supplies is advantageous from multiple aspects [74].
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Power Autonomy

Energy harvesting is a promising alternative to batteries and can enable the autonomous powering of implantable biosensors. Using a harvester to directly power
biosensor circuits implies that the instantaneous harvested power ph (t) is higher
than the instantaneous consumed power pc (t) at any moment:
ph (t) ≥ pc (t).

(3.4)

This condition is extremely difficult to achieve considering the power requirements
of a biosensor. On top of that, the harvested power is quite unpredictable, and
it might happen that it is the lowest at the same moment when a biosensor is
transmitting data. For these reasons, in most of the energy harvesting systems and
particularly in harvesting systems for implantable applications, it is necessary to
incorporate an energy storage device [71, 73]. The energy storage device should act
as an energy buffer. It should accumulate the energy during the periods of low
power demand, such as the sleep state, and provide the excessive energy during the
periods of high power demand. The possible candidates for energy storage devices
include standard rechargeable batteries, emerging thin film batteries, and supercapacitors. The limitations of conventional batteries have already been identified.
Thin film batteries, unlike conventional ones, can be integrated into the IC packages, be fabricated on plastics, and can have any shape or size [20]. However, their
energy density is much lower than of the standard batteries. Moreover, the number
of cycles that thin film batteries can handle is also limited. Supercapacitors are
electrochemical capacitors with very large capacitance values. Their performance
is between the performance of batteries and conventional capacitors. The comparison of different energy storage solutions is summarized in Table 3.1 [20, 75]. The
energy density of supercapacitors is lower than the energy density of batteries. On
the other hand, their power density is much higher. This makes supercapacitors
capable of providing a high burst of power in a very short time frame [75,76], making them well suited for implantable biosensors among other applications. A very
large number of possible cycles makes their lifetime almost unlimited. Additionally, their safety is improved over batteries, and there is no danger of overcharging
or exploding. Finally, the supercapacitor technology is very promising, and it is
evolving at a faster rate than the battery technology. All these features make the
supercapacitors a superior energy storage choice for implantable biosensor systems.
By introducing an energy storage device between the energy harvester and the
biosensor circuits, the harvested power does not have to be always higher than the
required power. During the high power demand, the excessive power is provided by
the storage device. Consequently, it is sufficient that the average harvested power
in one full cycle, Ph , is higher than the average power consumption of the biosensor,
Pc [71, 73]:
Ph ≥ Pc .

(3.5)
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Table 3.1: Comparison of batteries and supercapacitor.

Operating voltage (V)
Energy density (Wh/l)
Self-discharge rate (%/month)
Cycle life (cycles)
Temperature range (℃)

Battery
Li-ion Thin film
3.7
3.7
435
<50
1
1
2000
1000
-20/50
-20/70

Supercapacitor
1.25
6
100
>10000
-40/65

This condition is much easier to meet than the one defined by Eq. (3.4). In addition,
the maximum allowable duty cycle, Dmax , can be estimated by combining Eq. (3.2)
and (3.5) as [73]:
Ph ≥ D · Pactive + (1 − D) · Psleep ,
Ph − Psleep
.
Dmax =
Pactive − Psleep

(3.6)
(3.7)

Finally, for Psleep = 0:
Dmax =

Ph
.
Pactive

(3.8)

Note that Ph may also vary from cycle to cycle and that the condition in Eq.
(3.8) should stand for every cycle. Otherwise, the reliability and functionality of
the system are questionable. For this reason, the asynchronous operation of the
biosensor is preferred. In the asynchronous scheme, the biosensor is waked-up only
when sufficient energy is already accumulated in the storage device to support the
consumption of the active state. Following this idea, the required energy capacity
of the storage device can also be estimated. During the active state, the difference
between the total energy consumed by the biosensor circuits, Econ , and the total
energy generated by the energy harvester, Ehar , should be provided by the energy
storage device [71, 73]:
Z
Econ =
pc (t)dt,
(3.9)
tactive
Z
Ehar =
ph (t)dt,
(3.10)
tactive

so the energy capacity of the storage element, Estorage , should be:
n
o
Estorage ≥ max Econ − Ehar ,
nZ
o
Estorage ≥ max
[pc (t) − ph (t)]dt .
tactive

(3.11)
(3.12)
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Theoretically, if the conditions in Eq. (3.5) and (3.12) are satisfied, the autonomous powering is possible. However, this simplified analysis does not consider
the losses of the energy transfer. In practice, a fraction of the harvested energy is
lost between the harvesting device and the storage device as well as between the
storage device and the biosensor circuits. The losses of the energy transfer depend
on the utilized interface circuit and will be discussed and analyzed in more details
in the subsequent chapter.

3.3

Energy Management

The block diagram of a biosensor system powered by an energy harvester is shown in
Fig. 1.3. The battery in the traditional block diagram (in Fig. 1.2) is replaced with
an energy harvester which is complemented by an energy storage device. The energy
harvester extracts the energy from the environment. The energy management unit
(EMU) transfers the harvested energy to a storage device, where the energy is
accumulated over time, during the whole sleep state of the biosensor. When enough
energy is acquired, it is used to power the biosensor circuits during the active state.
Note that, during the active state, the harvested energy is directly forwarded to the
biosensor. However, in implantable applications, it is only a small fraction of total
delivered energy. The rest is provided from the energy storage device. The energy
management unit is also responsible for the correct distribution of energy between
the different blocks of the biosensor. Therefore, it is managing all energy transfers
between the energy harvester, the storage device and the rest of biosensor’s building
blocks. These energy transfers have to be efficient so that only a small amount of
energy is lost during this process.
The simplified block diagram of the energy management unit required for energy harvesting is shown in Fig. 3.2. This unit can be divided into two separate
stages. The first stage is an energy harvesting interface circuit, which corrects for
the differences between available and required voltage/power levels. The second
stage is a regulation stage, which is necessary to provide the stable and clean voltage supplies to the biosensor circuits. The second stage can also be considered as a
part of biosensor circuits rather than a part of energy management unit. This is because the regulation should be closely co-designed with the corresponding biosensor
circuits.
As previously mentioned, an energy harvester (TEG or GBFC), implanted in
the human body, provides a very low output voltage and power, which are variable
and unpredictable at the same time. Therefore, the resulting output voltage, during
some periods, might be as low as tens of mV and the resulting power a few µW.
On the other hand, implantable biosensor circuits require higher voltage supplies,
for instance 1.8 V, and might consume a few mW of power. The interface circuit
corrects for these differences and enables a harvester to power the biosensor circuits.
It up-converts the low voltage of the energy harvester to the voltage or multiple
voltages required by the biosensor circuits. In addition, the interface circuit is
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Figure 3.2: Block diagram of the EMU.

managing the energy transfer from the energy harvester to the storage device. This
transfer has to be efficient so that as much energy as possible reaches the storage
device. High efficiency is extremely hard to obtain considering that the input power
is very low, and the voltage conversion ratio very high. For this reason, all potential
losses within the interface, including the power consumption of the interface circuits,
have to be minimized. The input converter defines the functionality as well as
the efficiency of the interface and, consequently, of the whole energy management
unit. It is certainly one of the key components of the harvesting system. The
control circuit ensures that the input converter, as well as the other blocks of the
interface, are operating properly. The start-up block is responsible for pre-charging
the storage device so that the initial voltage is sufficient for the proper functionality
of the circuits. The storage monitor observes the voltage of the storage device and
informs the biosensor when there is enough energy accumulated for entering the
active state. Finally, the voltage regulators in the second stage provide the stable
supply voltages to the biosensor circuits.
Based on the requirements of the interface circuit and limitations of the complete implantable system, an efficient conversion and small size can be identified as
the most important features of the input converter. Unfortunately, these two key
characteristics trade-off with each other. Generally, boost converters with external inductors achieve high voltage conversion efficiencies at the cost of necessary
external components, which limit the system’s scaling possibilities. On the other
hand, switched-capacitor step-up converters (or so-called charge pumps) can be
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fully integrated and miniaturized, but their efficiency is usually lower than that
of the inductive boost converters. However, recent technology advancements and
circuit developments have enabled switched-capacitor converters to reach relatively
high efficiencies. The efficiency of an ideal switched-capacitor converter, without
considering the switching losses, can be expressed as [77]:
ηtheoretical =

Vout
M · Vin

(3.13)

where Vin and Vout are the input and output voltages of the converter, respectively,
and M is the conversion ratio. High efficiency can be obtained if Vout is relatively
close to the product M ·Vin . For this reason, most of the efficient switched-capacitor
converters operate at a fixed conversion ratio [78–81]. Unfortunately, this condition
is very difficult to achieve in applications where Vin or Vout or both are varying in
a certain range [77], such as in implantable energy harvesting applications. For
instance, the input voltage provided by an implantable TEG would vary in the
range of 15 mV–90 mV. Assuming the fixed output voltage of around 1.8 V, the
resulting conversion ratio would change between 20 and 120, making the condition
mentioned above extremely hard to accomplish. To overcome this issue and achieve
an efficient conversion when Vin or Vout are varying, some works utilize a multiratio approach [82–84]. In these solutions, M is constantly changed to improve
the efficiency. Unfortunately, in reality, the efficiency is further reduced by the
switching losses. As the required number of different possible ratios increases so
does the number of necessary switches and drivers. As a result, the improvement of
the overall efficiency is rather limited, while the system size is increased as well [85].
For example, in the state-of-the-art work [82], the minimum input voltage of 600 mV
is converted to 1.8 V using three different conversion ratios (the maximum ratio is
also three) with the overall conversion efficiency of 70%. In this design MIM (metalinsulator-metal) capacitors with very low parasitics are used, and the resulting
area is relatively large, approximately 60 mm2 . In implantable energy harvesting
applications, a maximum conversion ratio reaches values above 100. To obtain such
high conversion ratio, at least 11 floating capacitors are necessary [85]. The resulting
number of switches, for distributing the charges between 11 floating capacitors and
adjusting the conversion ratio at the same time, is very high. Controlling and
driving these switches is a power consuming task. Moreover, a high number of
capacitors results in significant bottom-plate losses. For these reasons, the overall
efficiency of potential switched-capacitor solutions is expected to be rather limited.
On the other hand, the efficiency of inductive boost converters does not directly
depend on the conversion ratio. High efficiency is achievable even for very high conversion ratios [77]. Additionally, the complexity is not drastically increased if the
multi-ratio operation is introduced. The number of necessary external components,
which increase the overall area and the cost of the energy management sub-system,
can be kept low if single inductor topologies are used. In fact, a regular boost converter topology, illustrated in Fig. 3.3, can potentially meet the severe performance
requirements dictated by the target application. Actually, similar topologies are
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Figure 3.3: Simplified schematic of the boost converter.

used in most of the related work [24,26,29,52,53,86–89]. Nevertheless, many design
challenges remain and are especially demanding in implantable energy harvesting
applications. In particular, different loss mechanisms and the power consumption
of the control circuits are limiting the conversion efficiency. Taking into consideration that the input power is extremely low, every nW of losses or consumed in the
control influences the overall efficiency. These problems will be addressed in the
forthcoming chapters. It is also important to note that the solutions with integrated
inductors do not offer any advantage over switched-capacitors approaches [90].

3.4

Summary

The amount of power needed for powering an implantable biosensor is application
dependent. For this reason, it is impractical to define the power consumption of
a biosensor in general. At the same time, the power consumption of a particular
biosensor is varying during one complete cycle. Based on the power consumption,
one complete cycle can be roughly divided into two distinct phases. Namely, the
sleep state during which the power consumption is extremely low and the active
state in which the power demand is high. An energy buffer, e. g. supercapacitor,
is necessary to handle these high power demands during the active state. If the
application allows altering the durations of the sleep and active states, the power
consumption of the biosensor can be reduced by prolonging the sleep state. Finally,
self-powered biosensors are achievable if the following conditions are satisfied. First,
the average harvested power has to be higher than the average consumed power.
Second, the energy storage device needs to have a sufficient energy capacity. Third,
the interface circuit has to transfer the energy efficiently from the energy harvester
to the energy storage and further to the biosensor circuits.
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The energy harvesting interface circuit is an essential part of an energy management block. Its performance is defined by the input converter topology. A boost
converter with an external inductor provides superior performance when high and
variable conversion ratio is required. For this reason, this converter topology is
utilized in this work.

Chapter 4

Design Considerations
The previous chapter has identified the boost converter with an external inductor
as the most appropriate input converter topology for implantable energy harvesting
interfaces, considering the efficiency as the key selection parameter. Conceptually,
high efficiency is achievable since it does not directly depend on the conversion ratio
or on the voltage level of the input signal. However, due to extremely low power
levels, every dissipated nW in the form of losses or in the control of the converter
is significant since it reduces the overall efficiency. Consequently, achieving high
efficiency (over 80%) is an extremely challenging task. For this reason, after briefly
introducing the operation of a boost converter, this chapter performs a detailed
analysis of all potential losses within the converter, studies their underlying mechanisms and identifies their origins. In relation to the performed analysis, this chapter
also proposes a design methodology that aims to maximize the overall efficiency by
optimizing the sum of inevitable losses and the power consumption of the control
circuits. In addition, this chapter also presents control strategies to eliminate the
synchronization losses.

4.1

Boost Converter Operation

In ultra-low power applications such as implantable devices, the converter is usually
operating in the discontinuous conduction mode (DCM). In this mode, the current
is not continuously flowing through an inductor, which means that it is equal to
zero during some parts of the cycle. To briefly describe the operation of the boost
converter in Fig. 3.3, its full cycle can be divided into three sections according to
the state of the switches: i) when the switch S1 is ON and the switch S2 is OFF,
the energy is accumulated over the inductor; ii) when the switch S1 is OFF and
the switch S2 is ON, the energy is transferred from the inductor to the output
capacitor; iii) when both switches are OFF, the converter is basically in the idle
state, waiting for the next cycle.
A more detailed operation of the boost converter is illustrated in Fig. 4.1. Con35
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Figure 4.1: Switching diagram of the boost converter.

sidering t0 as an initial point; first, the switch S1 is turned-on, and the inductor
current slowly builds up due to the voltage across it, Vin . The current value follows
the expression:
Z
Vin
1 t
Vin dt =
(t − t0 ), t0 ≤ t ≤ t1 ,
(4.1)
iL (t) = iL (t0 ) +
L t0
L
where L is the inductance of an external inductor. If the switch S1 is turned-off at
the moment t1 , then the maximum inductor current is given as:
iL (t1 ) =

Vin
(t1 − t0 ) = IL,max .
L

(4.2)

At this point, the energy accumulated in the inductor is:
Eind,max =

1 2
LI
.
2 L,max

(4.3)

Afterward, the switch S2 turns-on and, assuming that the output voltage is already
established to Vout , the voltage across the inductor becomes Vin − Vout . The accumulated energy is transferred to the output capacitor [52], and the inductor current

4.1. BOOST CONVERTER OPERATION

37

is decreasing as:
iL (t) = IL,max −

Vout − Vin
(t − t1 ), t1 ≤ t ≤ t2 .
L

(4.4)

To obtain the steady state operation of an ideal boost converter, the energy stored
in the inductor has to be the same at the beginning and the end of the period [91].
This means that the currents through the inductor at these moments have to be
the same. In this particular case, the initial current through the inductor was equal
to zero, so the final current should also be equal to zero:
iL (t2 ) = IL,max −

Vout − Vin
(t2 − t1 ) = 0.
L

(4.5)

From Eq. (4.2) and (4.5), the condition for the proper functionality of the boost
converter can be obtained:
Vin
Vout − Vin
=
.
t2 − t1
t1 − t0

(4.6)

The same condition can be obtained by following the inductor volt-second balance
(IVSB), which states that for the steady state operation, the average voltage across
the inductor in a switching period must be zero [91].
It can be concluded that when Eq. (4.6) is satisfied, the converter operates in
steady state and transfers Eind,max to the load in every cycle. Substituting Eq.
(4.2) into Eq. (4.3) yields:
Eind,max =

2
Vin
(t1 − t0 )2
.
2L

(4.7)

The output power can be calculated as:
Pout = Eind,max fs =

1 2
V 2 (t1 − t0 )2 fs
LIL,max fs = in
,
2
2L

(4.8)

where fs is the switching frequency of the converter. In traditional applications of
the inductive boost converters, such as a switched-mode power supply (SMPS), the
output power is adjusted by tuning the duty cycle of the converter, (t1 −t0 )fs , (pulse
width modulation - PWM) or the frequency (pulse frequency modulation - PFM)
to support the power requirements of the load and regulate the supply voltage
level [91]. In energy harvesting applications, the duty cycle and the switching
frequency of the converter are not adjusted for the same purpose [52, 53, 87]. This
is because the obtainable power is limited by the source and, even when maximized,
it is still too low to power the load, i. e. biosensor circuits. Instead, the duty cycle
and the switching frequency of the converter are usually set to match the equivalent
input resistance of the converter and the internal resistance of the harvester in
order to achieve the maximum power extraction from the harvesting source. This
procedure will be explained in the following sections.
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Figure 4.2: Boost converter schematic.

The switches S1 and S2 are usually implemented using single nMOS and pMOS
transistors, MN and MP , respectively, as it is illustrated in Fig. 4.2.
The conversion efficiency of such boost converter is defined as [91]:
η=

Pout
,
Pin

(4.9)

where Pin is the average input power of the converter and Pout is the average output
power delivered to the load. The analysis above is for an ideal boost converter,
so the conversion efficiency, η, is equal to 100%, meaning that the entire power
extracted from the source is provided to the load. In reality, the losses within the
converter, Ploss , and the power consumption of its control circuits, Pcontrol , are
limiting the efficiency by decreasing the output power as [24, 91]:
Pout = Pin − Ploss − Pcontrol ,

(4.10)

So, the conversion efficiency can be rewritten as:
η =1−

Ploss + Pcontrol
.
Pin

(4.11)

It is evident from Eq. (4.11) that the sum Ploss +Pcontrol has to be reduced as much
as possible compared to Pin in order to achieve high efficiency. This is especially
problematic to perform when the extracted power is very low, as it is in energy
harvesting applications (it can be less than 5 µW). In such applications, special
attention has to be taken to suppress all potential losses and to limit the power
consumption of the control circuits.
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4.2

Losses within the Converter

The losses within the converter can be categorized into four different groups based
on the underlying losses mechanisms:
• Conduction losses are related to parasitic resistances within the converter.
The resistances that contribute the most include the inductor’s equivalent
series resistance, RL and the ON resistances of the switches, RN and RP , as
it is shown in Fig. 4.3. There are other, less significant, resistances that also
cause conduction losses, such as the equivalent series resistance of the input
and output capacitors and parasitic resistances of wires and interconnects on
the power path.
• Switching losses are associated with the undesired capacitances within the
converter. The most significant switching losses are switch driver losses necessary to turn the switches ON and OFF. However, parasitic capacitances of
other nodes may also introduce switching losses.
• Synchronization losses arise from inaccurate switch timings of the pMOS
switch. These losses occur in situations when the switch is turned ON/OFF
too late or too early.
• Leakage losses originate from the subthreshold leakage currents through
the switches. These losses may become significant only when the converter is
processing extremely low power levels, such as in the targeted application.
The following sections will address these categories individually. Particular
attention will be given to sources that are often neglected or overlooked such as
synchronization losses, leakage losses, and losses related to parasitics, which become
significant as the input power approaches very low levels.
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Conduction Losses

The conduction losses of a particular resistor are defined as [77]:
2
Pcond,i = Irms,i
Ri ,

(4.12)

where Irms,i is the root mean square (RMS) current which is flowing through the
resistance Ri . Therefore, the conduction losses related to the nMOS switch, MN ,
can be estimated as:
2
Pcond,N = Irms,N
RN ,

(4.13)

where RN is the ON resistance of the nMOS switch. The RMS current through the
switch can be expressed as:
s
Z Ts
1
i2 (t)dt.
(4.14)
Irms,N =
Ts 0 N
When the switch is ON (t0 ≤ t ≤ t1 ), the current that is flowing through the switch
is equal to the inductor current defined by Eq. (4.1), otherwise, it is equal to zero.
Hence, the Eq. (4.14) becomes:
s
s Z
τN
2 τ3
2
Vin
1
Vin
N
Irms,N =
t2 dt =
.
(4.15)
2
Ts 0
L
3L2 Ts
After combining Eq. (4.2), (4.13) and (4.15),
Pcond,N =

2
2 3
IL,max
Vin
τN
RN τN fs .
R
=
N
3L2 Ts
3

(4.16)

Similarly, the conduction losses related to the ON resistance of the pMOS switch,
RP , can be expressed as:
Pcond,P =

2
IL,max
RP τP fs .
3

(4.17)

Following the same approach, the conduction losses related to the inductor’s equivalent series resistance, RL , are:
Pcond,L =

2
IL,max
RL (τN + τP )fs .
3

(4.18)

It is interesting to notice, from Eq. (4.16), (4.17) and (4.18), that the conduction
losses decrease together with the input power. As a result, their influence on the
overall efficiency remains almost unchanged as the input power decreases. To better
comprehend this, the expression for the input power should be observed:
Pin = Eind,max fs =

1 2
LI
fs .
2 L,max

(4.19)
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Therefore, for instance the conduction losses of the nMOS switch can also be expressed as:
Pcond,N =

2Pin
RN τN ,
3L

(4.20)

where the relation between the input power and the conduction losses is evident.
As was already mentioned, the parasitic series resistances on the power path
also cause conduction losses. They include the resistances from PCB tracks, chip
packaging, bondwires, on-chip interconnections and other. The sum of all these
parasitic resistances, Rpar , can easily become comparable or even exceed the value
of the more evident ones. Nevertheless, they are often overlooked in the analysis
of conduction losses. For instance, a 2 mm long golden bondwire with a diameter
of 30 µm introduces a series resistance of around 70 mΩ. In addition, the common
sheet resistance of on-chip metal layers is around 60 mΩ/. As a result, only 3
squares long metal line together with a bondwire can easily surpass, for instance,
the equivalent series resistance of a miniature inductor (around 200 mΩ for a 33 µH
inductor [92]). Therefore, these parasitic resistances should be carefully addressed
in order to restrain the losses that they introduce.
The conduction losses related to the parasitic series resistances on the power
path are:
Pcond,R =

2
IL,max
Rpar (τN + τP )fs .
3

(4.21)

Finally, the total conduction losses within the converter can be expressed as:
Pcond =

2


IL,max
τP
τP
τN fs RN +
RP + (1 +
)(RL + Rpar ) .
3
τN
τN

(4.22)

Assuming that Vout  Vin , the inductor’s volt-second balance can be approximated as Vin · τN ≈ Vout · τP , which indicates that τN  τP . Therefore, the
expression in Eq. (4.22) can be simplified as:
Pcond =

4.2.2

2
IL,max
Vin
τN fs (RN +
RP + RL + Rpar ).
3
Vout

(4.23)

Switching Losses

The switching losses related to driving a gate of a transistor are defined as [77]:
Psw,i = Ci Vi2 fs ,

(4.24)

where Ci is the total gate capacitance, Vi is the voltage level up to which the gate
is charged during switching and fs is the switching frequency. At the same time,
a reasonably large switch usually requires a driver circuit in order to achieve a
relatively fast transition. Otherwise, the conduction losses increase due to a high

42

CHAPTER 4. DESIGN CONSIDERATIONS

ON resistance during the transition. The driver circuit should be implemented
considering the trade-off between its power consumption and the losses related
to the transition speed. The driver circuit implemented as a multi-stage tapered
buffer provides good performance in regard to this trade-off. The utilized number
of stages can be optimized according to the actual size of the switch [93]. In this
work, the power consumption of the driver circuit is considered as a part of the
switching losses of a particular switch. This is because the gate driver should be
optimized and co-designed together with the switch and should not be considered
as a separate circuit. Following this idea, the switching losses related to nMOS and
pMOS switch of the converter can be estimated as:
2
Psw,N = kCN Vout
fs ,

(4.25)

2
Psw,P = kCP Vout
fs ,

(4.26)

where k is the power consumption factor of a driver circuit. For a driver circuit
implemented as a multi-stage tapered buffer, optimized for a good trade-off between
power consumption and transition speed, the factor k turns out to be around 2.
It can be noticed that the switching losses are not scaling with the input power.
Therefore, at low power levels, switching losses might prevail over conduction losses.
However, they can be reduced by either decreasing the switching frequency or the
size of the switches. Unfortunately, any attempt to reduce the switching losses
usually results in higher conduction losses.
The nodes with high parasitic capacitances can also introduce significant switching losses. The most critical such node is labeled as X in Fig. 4.3. Both switches
contribute to the total capacitance at this node, together with other parasitics. In
particular, since this node is connected to an external inductor, the parasitic capacitances from the metal traces of on-chip and off-chip interconnections, as well as
from the PADs, bondwire, and leads are all summed up at this node. The switching
losses related to node X are given by [87]:
Psw,X =

1
2
CX Vout
fs ,
2

(4.27)

where CX is the total parasitic capacitance at the node X.
In low power applications, the switch sizes and, consequently, the capacitances
CN and CP can be scaled down to reduce the gate driving losses. However, the
capacitance CX does not scale in a similar way and, as a result, the switching losses
related to node X might become comparable to the gate driving losses.
Finally, the total switching losses within the converter can be expressed as:
1
2
Psw = (kCN + kCP + CX )Vout
fs .
2

(4.28)
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Figure 4.4: Detailed switching diagram during the pFET ON time.

4.2.3

Synchronization Losses

In boost converters operating in DCM, the synchronization losses completely depend on the turns-on/off timings of the pMOS switch, MP . More precisely, after
MN turns-off, an accurate time has to pass before MP switch turns-on. Similarly,
the duration of MP ON time has to be accurate, so MP should turn-off again at a
precisely defined moment [94, 95]. The losses related to turning-off MP are usually
more significant, and their impact on the overall efficiency is generally recognized.
On the other hand, the losses related to turning-on MP are often neglected or
overlooked. However, as it will be shown, they might become significant in boost
converters intended for micropower energy harvesting, especially when they target
a very high conversion ratio.
The turn-off timing of the pMOS switch defines the duration of its ON time, τP ,
as it is shown in Fig. 4.4 [24]. Three different scenarios can be distinguished [95]:
• τP is accurate – in this case, pMOS switch, MP , is turned-off at the right
moment, as it is shown in Fig. 4.4(a). While MP is ON, the energy stored
in the inductor is transferred to the output. In this process, the current
that flows through the inductor and MP is decreasing according to Eq. (4.4).
The switch should turn-off when this current reaches zero. As a result, no
synchronization losses are introduced. This scenario is called Zero-Current
Switching (ZCS).
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• τP is short – this means that MP is turned-off early, as it is illustrated in
Fig. 4.4(b). Even though the switch is OFF, the inductor current continues
to flow through the body diode of the transistor. The resistance of this
forward-biased body diode is higher than the ON resistance of MP , so it
introduces additional losses. The closer τP is to the accurate value, less losses
are introduced. These losses can be approximated by observing the waveforms
of the current through MP , shown in Fig. 4.4(b). Assuming that the output
voltage during terr (the duration of the error time) is constant, the lost energy
is equivalent to the shaded area in Fig. 4.4(b) [24]:
Esync,short =

terr
1
Vout IL,max
(terr − tos ),
2
τP

(4.29)

where tos is the overshoot time that is illustrated in Fig. 4.4(b).
• τP is long – this means that MP is turned-off late, as it is shown in Fig. 4.4(c).
After reaching zero, the current through the inductor changes polarity and
starts to discharge the output capacitor. As a result, the transferred energy
is returned to the inductor and lost. This scenario is particularly problematic
since it introduces relatively high losses, and it should be avoided if possible.
The closer τP is to the accurate value, these losses are lower. Similarly to Eq.
(4.29), the lost energy can be approximated as [24]:
Esync,long =

1
terr
Vout IL,max
terr .
2
τP

(4.30)

The overshoot time, tos , is usually very close to the error time terr . Therefore,
it can be noticed from Eq. (4.29) and (4.30) that the losses introduced when τP
is short are much lower than when τP is long for the same timing error, terr . To
elaborate on this claim, the ratio of these expressions can be observed:
Esync,short
tos
=1−
.
Esync,long
terr

(4.31)

This phenomenon will be utilized during the design of the control block to further
suppress the synchronization losses.
After MN turns-off, a certain amount of time should pass before MP turns-on.
This dead time, tdead , prevents the situation in which both switches are conducting
at the same time [94]. Otherwise, the established low resistance path to the ground
would discharge the output capacitor and severely reduce the efficiency or even
disturb the functionality of the converter. In fact, even when the dead time is
introduced, depending on its duration, significant losses may endure. The dead
time is defined by the moment at which MP turns-on and three different scenarios
can be distinguished [95]:
• tdead is accurate – in this case, MP is turned-on at the right moment, as it
is shown in Fig. 4.5(a). When both switches are OFF, the inductor current
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Figure 4.5: Detailed switching diagram during the dead time.

is charging the parasitic capacitance at node X. Consequently, the voltage
at this node, VX , increases. The switch should turn-on when this voltage
reaches the output voltage, VX = Vout . As a result, almost lossless switching
is achieved. This scenario is called Zero-Voltage Switching (ZVS).
• tdead is short – this means that MP is turned-on early, as it is illustrated
in Fig. 4.5(b). In this situation, the voltage at node X is still lower than the
output voltage, VX < Vout , and it gets charged from the output capacitor.
This reverse current flow is returning the already transferred energy, and it
is highly undesirable since it introduces significant losses.
• tdead is long – this means that MP is turned-on late, as it is shown in
Fig. 4.5(c). As a result, the voltage at node X exceeds the output voltage,
VX > Vout . Eventually, the body diode of MP becomes forward-biased and
starts conducting. The conduction losses of the body diode are higher than
of the switch, so additional losses are introduced.
As it is shown in [Paper II], the accurate dead time depends on the conversion ratio
of the boost converter. In applications where the conversion ratio is varying, such as
implantable energy harvesting, the accurate dead time is also varying. Therefore,
the dead time has to be adaptive to eliminate the dead time losses successfully.
Nevertheless, the dead time is usually set to a fixed duration, while the related
losses are neglected. For these reasons, the detailed analysis of dead time losses is
carried out in this work. The goals were to define the accurate dead time, to identify
the consequences if the dead time is not accurate and to estimate the related losses
and their influence on the overall efficiency.
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The findings from [Paper II] can be summarized by emphasizing a few derived
expressions. First, assuming that Vout  Vin , the accurate dead time can be
approximated as:
tdead,acc ≈

CX L
,
τP

(4.32)

where CX is the total capacitance at node X. Second, the dead time related losses
are:
Vin
Psync,dead = Vdiode Vout CX fs (
− 1).
(4.33)
Vin,min
where Vdiode is the voltage drop of the transistor’s body diode. Finally, the maximum influence of these losses to the overall efficiency of the converter can be
observed as:

P
2
Vdiode Rin CX fs Kmax
sync,dead
=
,
(4.34)
Pin
4Vout
max
where Kmax is the maximum conversion ratio of the converter. An important conclusion can be made by studying Eq. (4.32), (4.33) and (4.34). The boost converters
for micropower energy harvesting applications, such as implantable biosensors, are
required to operate with a wide range of input voltages. At the same time, the
lower limits of the input voltage are pushed to extremely low values [54, 89]. As a
result, the range of τP in Eq. (4.32) increases, extending also the range of tdead,acc .
In Eq. (4.33), the value of Vin,min becomes extremely low (several mV), increasing
the dead time losses. Finally, Kmax in Eq. (4.32) approaches the values close to 200,
which means that the overall reduction of the efficiency due to the dead time losses
can easily exceed 5%. Therefore, as the boost converters target lower voltage/power
applications the dead time losses are becoming more and more important.
Unlike conduction and switching losses, which are inevitable and can only be
reduced up to some extent, synchronization losses are avoidable and can be almost
completely eliminated. If the dead time and the duration of MP ON time are
adaptive and accurate for all possible input voltages, synchronization losses might
be suppressed to almost negligible levels compared to conduction or switching losses.
A low-power control circuit can help in eliminating these losses by driving the
switches of the converter to achieve accurate timings.

4.2.4

Leakage Losses

A micropower boost converter in DCM is spending most of the time in the idle
state. During this state, both switches are OFF. However, the subthreshold leakage
currents flowing through both switches generate power losses. Considering that the
voltage VX is equal to Vin during this period, the leakage losses can be approximated
as [87]:
Pleak,N = Vin Ileak,N ,

(4.35)
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Pleak,P = (Vout − Vin )Ileak,P ,

(4.36)

where Ileak,N and Ileak,P are the subthreshold leakage currents of nMOS and pMOS
switches, respectively. Since Vout  Vin , it is evident that the leakage losses of the
pMOS switch are far more serious than the leakage losses of the nMOS switch. As
a matter of fact, Ileak,P is also going to be higher than Ileak,N even though the
nMOS transistor is generally designed to be larger, while the charge-mobility of the
nMOS switch is also greater than of the pMOS switch. This is because the draininduced barrier lowering (DIBL) reduces the threshold voltage of the transistor and
increases its leakage current when a higher drain to source voltage is applied.
To reduce the leakage losses of the pMOS switch, a gate signal higher than Vout
could be used during the idle state of the converter. This voltage can be obtained
from Vout using a charge pump circuit, such as in [87]. However, in this design,
as it will be showed in the next chapter, the leakage losses are not a significant
contributor to the total losses within the converter. Therefore, incorporating a
charge pump to boost the gate voltage is not justifiable from the complexity versus
efficiency improvement trade-off perspective.

4.3

Design Methodology

The proposed design methodology aims to maximize the power delivered to the
biosensor circuit. In order to accomplish this, the converter first has to extract
the maximum possible power from the harvester and then efficiently transfer that
power to the load. Therefore, it is essential to investigate and comprehend the
maximum power extraction criteria as well as the possibilities of further reducing
the sum of losses and the power consumption of the converter.

4.3.1

Maximum Power Extraction

The thermoelectric generators, as well as the modern glucose biofuel cells, exhibit
fixed internal resistances [61, 68]. Both these devices are modeled as a voltage
source in series with a resistor. To extract the maximum possible power from such
sources, the equivalent input resistance of the converter has to be matched to the
internal resistance of the specific harvesting device. If the resistance seen at the
input of the converter is Rin , as it is illustrated in Fig. 4.6, the power extracted by
the converter is given by:
Pin =

in
2
(VT RinR+R
)2
Rin
Vin
T
=
= VT2
.
Rin
Rin
(Rin + RT )2

(4.37)

This power reaches maximum for:
∂Pin
= 0,
∂Rin

(4.38)
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Figure 4.6: Simple input matching.

which is obtained for Rin = RT . On the other hand, the input resistance of the
boost converter is given by [44, 52]:
Rin =

Vin
,
Iin

(4.39)

where Iin is the average input current of the converter. This current can be expressed as [44, 52]:
Iin =

IL,max τN + τP
Vin τN (τN + τP )fs
,
=
2
Ts
2L

(4.40)

where Ts = 1/fs is the switching period of the converter, τN and τP are the durations of the nMOS switch and the pMOS switch ON times, respectively. By
introducing Eq. (4.40) into (4.39), Rin becomes:
Rin =

2L
.
τN (τN + τP )fs

(4.41)

Assuming that Vin  Vout , (4.39) can be approximated as Vin ·τN ≈ Vout ·τP , which
further implies that τP  τN . Consequently, Eq. (4.41) can be approximated as:
Rin ≈

2L
2f .
τN
s

(4.42)

Therefore, the inductor value, L, the switching frequency, fs , and the duration
of the nMOS switch ON time, τN , have to be carefully set so that Rin = RT is
achieved [44,52,53,87]. As long as this condition is valid, the converter is extracting
the maximum possible power from the harvester, and no maximum power point
tracking (MPPT) algorithms are needed. The control circuitry is responsible for
keeping the resistances matched, by properly setting the terms in Eq. (4.42).
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Efficiency Optimization

In the section 4.2, the losses within the boost converter have been identified and
analyzed. As it has been demonstrated, the synchronization losses, Psync , can be
almost entirely eliminated by adequate timings of the driving signals generated by
the control circuitry. Strategies for implementing such efficient control will be covered in the next section. On the other hand, the conduction, switching and leakage
losses, Pcond , Psw and Pleak , respectively, are inevitable and can only be reduced
up to some extent. In most converters, these losses are the main contributors to the
sum of Ploss and Pcontrol , which defines the efficiency given by Eq. (4.11). Hence,
they have to be minimized in order to achieve the efficient performance. The power
consumption of the control circuit, Pcontrol , has to be reduced as well. Therefore,
all these contributors have to be tackled in order to minimize their individual influence on the overall efficiency. However, many techniques applied to reduce one
type of losses will increase the others, keeping their sum practically unchanged.
For instance, increasing the size of the switches reduces the conduction losses, but,
on the other hand, increases the conduction as well as the leakage losses. For this
reason, it is perhaps more effective to focus on minimizing the sum of Ploss and
Pcontrol as a single unit.
The total losses within the converter can be expressed as [24, 87, 91]:
Ploss = Pcond + Psw + Psync + Pleak .

(4.43)

Assuming that the synchronization losses are successfully eliminated by a well implemented control circuit, the total losses can be approximated as:
Ploss = Pcond,N + Pcond,P + Pcond,L + Pcond,R
{z
}
|
conduction losses

+ Psw,N + Psw,P + Psw,X
|
{z
}

(4.44)

switching losses

+ Pleak,N + Pleak,P ,
|
{z
}
leakage losses

where Pcond,N , Pcond,P , Pcond,L , Pcond,R , Psw,N , Psw,P , Psw,X , Pleak,N and Pleak,P
are given by Eq. (4.16), (4.17), (4.18), (4.25), (4.26), (4.27), (4.35) and (4.36)
respectively. The terms in Eq. (4.44) can be rearranged according to the impact of
the individual components as:
Ploss = Pcond,N + Psw,N + Pleak,N + Pcond,P + Psw,P + Pleak,P
|
{z
} |
{z
}
nMOS

pMOS

+ Pcond,L + Pcond,R + Psw,X .
| {z } | {z } | {z }
inductor

par. res.

par. caps

(4.45)
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For now it is interesting to focus only on the losses related directly to the nMOS
switch. These losses can be determined using Eq. (4.16), (4.25) and (4.35) as:
2
IL,max
2
RN τN fs + kCN Vout
fs + Vin Ileak,N .
(4.46)
3
are expressed from Eq. (4.2) and (4.42), respectively, Eq. (4.46)

Ploss,N =
If IL,max and τN
becomes:

Ploss,N

√ 2
2 2Vin
2
= p 3 √
RN + kCN Vout
fs + Vin Ileak,N .
3 Rin fs L

(4.47)

By observing Eq. (4.47), several conclusions can be drawn. The losses related to
the nMOS switch can be influenced by changing various parameters in the equation. First, the value of the inductor can be increased to reduce the conduction
losses. However, for the fixed sized inductors, increasing the inductor’s value also
increases its internal resistance and, consequently, the conduction losses related to
this resistance. Therefore, it is not certain what would be the final outcome of this
move concerning the total losses. Second, changing the switching frequency influences both conduction and switching losses. In fact, it also influences the losses of
the pMOS switch as well as the power consumption of the control circuit. Finally,
changing the switch size only changes the losses that are already contained in Eq.
(4.47). For further analysis, the Eq. (4.47) can be expressed as:
√ 2
0
2 2Vin
RN
0
2
0
p
Ploss,N =
+ kCN
WN Vout
fs + Vin Ileak,N
WN ,
(4.48)
√
3
3 Rin
fs L WN
0
0
where RN
is the ON resistance per unit width, CN
is the gate capacitance per unit
0
width, Ileak,N is the leakage current per unit width of the nMOS transistor and
WN is the transistor’s width. Therefore, as the width of the transistor is increasing
the switching losses and leakage losses are increasing, while the conduction losses
are decreasing. This means that there is an optimal transistor width for which the
losses are minimized. This width is reached when [24, 87]:

∂Ploss
∂Ploss,N
=
= 0.
∂WN
∂WN

(4.49)

Note that the losses related to the node X also partially depend on the size of the
nMOS transistor. However, for the sake of simplicity, this dependence is neglected.
As it will be explained later in this section, the contribution of the switches to
the total capacitance at the node X is relatively limited compared to the other
parasitics at that node.
Finally, from Eq. (4.49), the optimal width of the nMOS switch, WN,opt , can be
derived as:
v
√ 2 0
u
u
2 2Vin
RN
t
p
.
(4.50)
WN,opt =
3
0
2 + V I0
3 Rin fs L(fs kCN VST
in leak,N )
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Similarly, the optimal width of the pMOS switch, WP,opt , can also be derived as:
s
√ 3 0
RP
2 2Vin
p
.
(4.51)
WP,opt =
2
3
3Vout Rin fs L(fs kCP0 Vout + Ileak,P )
It is interesting to notice that, if the leakage losses are neglected, the relation
between the optimal transistor’s sizes, derived from Eq. (4.50) and (4.51), depends
only on the input and output voltages and the used technology as:
s
WN,opt
Vout µP
≈
,
(4.52)
WP,opt
Vin µN
where µN and µP are the charge-carrier mobilities of the nMOS and pMOS switches,
respectively.
It can be seen from Eq. (4.50) and (4.51) that if fs and L are set, for a certain
harvesting device with an estimated typical Vin and known Rin , the optimal sizes
of switches can be calculated. However, fs and L are also design parameters.
Similar calculations can be performed to estimate the optimal values of fs and L
as well. The switching frequency also defines the power consumption of the control
circuit. Therefore, the sum of Ploss and Pcontrol should be considered as a function
of multiple variables, which should be minimized in order to achieve the highest
possible efficiency. The minimum of this sum is obtained for optimal values of
all design parameters WN , WP , fs and L. This optimization technique has been
introduced in [Paper III].
Considering that the control circuit is mostly digital [24, 52, 53], its power consumption can be expressed using [96]:
2
Pctrl = fs Cc,ef f Vctrl
,

(4.53)

where Cc,ef f is the total effective capacitance of the control circuitry and Vctrl is
the power supply voltage of the control. Note that Vctrl does not necessarily have
to be equal to Vout .
The sum of Ploss and Pcontrol can be expressed as:
√ 2
R0
R0 Vin
2 2Vin
( N + P
+ RL + Rpar )
Ploss + Pctrl = p 3 √
WP Vout
3 Rin fs L WN
|
{z
}
conduction losses

1
0
2
2
2
+ fs (kCN
WN Vout
+ kCP0 WP Vout
+ CX Vout
)
2
|
{z
}
switching losses

0
0
+ Vin Ileak,N
WN + (Vout − Vin )Ileak,P
WP
|
{z
}
leakage losses

+

2
fs Cc,ef f Vctrl
,

|

{z

}

control power

(4.54)
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0
where RP
is the ON resistance per unit width, CP0 is the gate capacitance per unit
0
width, Ileak,P is the leakage current per unit width of the pMOS transistor and WP
is the transistor’s width.
As mentioned, for the inductors limited by form-factor, the equivalent series resistance of the inductor (ESR) increases proportionally with the inductance. Therefore, the ESR value (RL ) can be roughly approximated as p1 · L, where p1 is a
polynomial coefficient of the particular inductor family. For instance, p1 of the inductor family used in this work [92] is around 6 mΩ/µH. Consequently, the overall
√
contribution of RL to the conduction losses increases (it is proportional to L)
when a higher inductance is used. Finally, Eq. (4.54) can be expressed as:
√ 2
0
0
√
RN
RP
Vin
R
2 2Vin
√ +
√ + p1 L + √par )
Ploss + Pctrl = p 3 √ (
L
3 Rin fs WN L WP Vout L
(4.55)
1
0
2
2
2
2
+ fs (kCN
WN VST
+ kCP0 WP Vout
+ CX Vout
+ Cc,ef f Vctrl
)
2
0
0
+ Vin Ileak,N
WN + (Vout − Vin )Ileak,P
WP .

It can be observed from Eq. (4.55) that when one of the design parameters, WN ,
WP , fs and L, is increased, some terms of the equation are increasing while others
are decreasing and vice versa. For the optimal values of WN , WP , fs and L, the sum
of Ploss and Pcontrol is minimized and the efficiency of the converter is maximized.
These optimal values can be calculated. Unfortunately, such calculus is relatively
complex and outside the scope of this thesis. For this reason, MATLAB is used to
derive these values. More details regarding the actual optimal values for a specific
design case can be found in [Paper III].
In this analysis as well as in [Paper III], a fixed input voltage Vin has been
considered. However, in reality, Vin varies depending on the conditions in the
harvester’s environment. As a result, Vin can depart from its typical value causing
the optimal values to shift. During such periods, the efficiency of the converter is
no longer maximized. Therefore, the optimal values should be re-adjusted in order
to improve the efficiency. For instance, WN and WP can be designed to follow the
values in Eq. (4.50) and (4.51) as Vin changes, so that they are optimal for every
Vin .
There are three possible methods to enhance the efficiency of the converter. The
first method, which was already mentioned, is to adjust WN and WP to track the
optimal values. This technique has been explained and implemented in [Paper IV].
It successfully reduces the total losses of the converter, but it does not address the
power consumption of the control circuit. Since this power does not scale with
the input voltage/power, it becomes dominant at very low power levels limiting
the overall efficiency. The second method is to scale fs up or down according to
the input voltage/power. This solution reduces the sum of the total losses and the
power consumption of the control circuit. As a result, it significantly improves the
overall efficiency of the converter. However, it complicates the maximum power
extraction since Rin (given by Eq. (4.39)) changes with fs . The third method is
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to jointly adjust WN , WP and fs . This solution accurately tracks the optimal
values, but it is also the most complex one. These techniques have been compared
in [Paper V]. The results from this paper imply that the second method, which
involves frequency adjusting, provides the best trade-off between performance and
complexity. Note that adjusting L is not considered since it is highly impractical.

4.4

Control Strategy

The control circuit is responsible for the proper functionality of the boost converter,
which is defined by the switching diagram shown in Fig. 4.1 and the steady state
condition given by Eq. (4.6). Besides that, the control circuit ensures that the synchronization losses are eliminated so that the conversion efficiency of the converter
is as high as possible. Therefore, as explained in section 4.2.3, the switching timings have to be well defined as well as programmable in order to achieve accurate
durations of the dead time and the pMOS switch ON time. Finally, the power consumption of the control circuit is also affecting the overall efficiency and, because
of that, it should be limited to very low levels. To summarize, the control has to
accomplish accurate and adaptive switching under extreme power limitations.
In order to achieve accurate switching while consuming extremely low power,
the control circuit has to be simple and highly effective at the same time. In
most of related work [24, 52, 53, 87], the control circuit is based on a relatively
straightforward idea proposed in [24], which can be described as following: i) After
the pMOS switch turns-off, the information whether the switch is turned-off early
or late can be obtained by observing the voltage VX . As it can be seen in Fig. 4.4,
VX is, indeed, high if the switch is turned-off early and low if the switch is turned-off
late. ii) The voltage VX can be sensed by using a simple D flip-flop to map this
information into a single digital bit, b0 . iii) The duration of the nMOS switch ON
time (τN ) can be adjusted according to the value of b0 so that the turn-off timing
of the pMOS switch gets closer to the accurate value after every cycle. Following
this idea, a fully digital control that roughly achieves ZCS can be implemented. At
the same time, due to the simplicity and clocked behavior, it can be designed to
consume very low power. However, since τN is altered, the input resistance of the
boost converter, given by Eq. (4.39), is also changed. As a result, the converter is
not extracting the maximum possible power from the energy harvester, as it was
explained in the section 4.3.1. This issue is recognized and solved in [52], where
instead of τN , the duration of the pMOS switch ON time (τP ) is adjusted. The
simplified block diagram of such control is shown in Fig. 4.7. An oscillator generates
a fixed frequency and duty ratio signal (qn ), which drives the nMOS switch for
MPE. A 1-bit information b0 , obtained from sensing the voltage VX , controls the
counter value up (b0 = 1) or down (b0 = 0). The counter value then adjusts the
duration of τP through PWM block, accordingly. As a result, MPE and relatively
accurate ZCS are achieved. However, even in the improved version of the control,
several issues can be identified. Since the counter value is continuously adjusted,
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Figure 4.7: Simplified block diagram of the traditional control circuit.

the nominal value of τP is never reached. The transistor MP will always switch
around the nominal point, slightly early or slightly late. Moreover, losses related
to pMOS switch turn-on timing, i. e. dead time losses, are not addressed at all.
Therefore, the existing solution can be improved by eliminating dead time losses
and further reducing the synchronization losses related to pMOS switch turn-off
timing.
The control circuit, which has been proposed in [Paper I], aims to improve the
existing solution. The simplified block diagram of the proposed control is shown in
Fig. 4.8. Unlike in the traditional solution, the voltage VX is sensed two times to
obtain a 2-bit information, which stops the counter when the nominal duration of τP
is reached. As a result, an improved ZCS is achieved. Moreover, an additional block
is added to eliminate the dead time losses and achieve ZVS. More details about the
techniques that are utilized to achieve these improvements will be provided in the
subsequent sections. In addition, the power consumption of the control circuit is
minimized following the ideas and techniques presented in [96]. In particular, the
power dissipation of the digital circuits is reduced by using a low voltage supply.
The short-circuit currents of all logic gates are additionally reduced by making the
rise/fall time at the input and the output of the gates similar. The analog blocks
are either low-frequency dynamic circuits or operate in the weak inversion region,
so their power dissipation is also limited. As a result, the total power consumption
of the control circuit is kept in nW levels, while roughly 50% of the total power is
the static power consumption.
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Figure 4.8: Simplified block diagram of the proposed control circuit.

Table 4.1: Adjusting the counter value according to the sensed signal.
b1 b0
00
01
10
11

4.4.1

Counter Action
down
–
stop
up

Zero Current Switching

Since τN is involved in MPE, τP is adjusted to meet the condition (4.6) and achieve
efficient ZCS. In [24], a simple method is proposed to obtain ZCS, as explained in
the previous section. However, as a result, τP is always either slightly shorter or
slightly longer than the accurate value. As it is shown in Eq. (4.29) and (4.30),
the slightly shorter τP is preferred since it introduces less synchronization losses
and allows the converter to be more efficient. This fact is utilized in this work to
improve the existing ZCS method, which is proposed in [24] and applied in most of
the related work [52, 53, 87].
In the proposed method, the voltage VX is sensed two times after the pMOS
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Figure 4.9: Waveforms of a pFET switch turning off (a) slightly early, (b) early
and (c) late.

switch is turned-off. The sensing timings are delayed with respect to each other for
a fixed duration, as it is illustrated in Fig. 4.9. The obtained 2-bit digital signal,
b1 b0 , provides the information whether τP is long (b1 b0 = 00), short (b1 b0 = 11)
or accurate (b1 b0 = 10). The reading b1 b0 = 01 is not used. The counter value,
and, consequently, τP , is updated according to b1 b0 , as it is illustrated in Table 4.1.
When τP reaches nominal duration, the counter is stopped, and the boost converter
continues to switch with the accurate τP , achieving ZCS, continuously.
The implementation of the proposed method is presented in [Paper I] and
shown in Fig. 4.10. A similar implementation is also used in [Paper III], [Paper IV]
and [Paper V]. The sensing of the voltage VX is triggered by the delayed rising
edge of the signal qP , which is driving the pMOS switch. Based on the counter
value, the PWM block adjusts the duration of τP for the next switching cycle. The
PWM is implemented as a one-shot signal generator with controllable signal width.
The one-shot pulse is triggered by the delayed falling edge of the signal qN , which is
driving the nMOS switch. The 4-bit counter is used in this work as a good trade-off
between the accuracy of τP and complexity. It is important to note that the counter
is modified, so it does not reset back to zero when the highest value is stored and
signal up is active, but it rather keeps the highest value locked. Similarly, when
zero is stored and signal down is active, the counter stays at zero. Delay blocks
are implemented as simple digital delay elements consisting of two inverters and a
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Figure 4.10: pFET switch signal generator.

loading capacitor between them. The D flip-flops are transmission-gate flip-flops
with internal gate isolation (TGFF), which are proven to be energy efficient [97].
In [Paper III], this method is adapted to operate with the dual-output boost
converter. In this solution, another one-shot signal generator is added to generate
the driving signal for an additional pMOS switch, whose ON time suppose to last
longer. The sensing circuits and the counter are shared. The solution in [Paper V]
also handles two outputs, while, at the same time, it copes with two inputs as well.
Consequently, the higher controllability of τP is required, so the finite-state-machine
(FSM) is employed to control τP using 6 bits in total of which 2 bits are used for
coarse and 4 bits for fine tuning.

4.4.2

Zero Voltage Switching

As it was concluded in the section 4.2.3, the dead time has to be adaptive to suppress
the synchronization losses related to pMOS switch turn-on timing. The duration
of the dead time, for which these losses are eliminated, relates to the duration of
τP , as it is stated in Eq. (4.32). Since the counter value, sh3:0i , defines the duration
of τP , the same counter can be used to control the adaptive dead time as well.
However, the counter value is proportional to τP , while the dead time relates to τP
as ∝ τ1P . For this reason, the nonlinear decoding of the counter value is performed
before generating the dead time. An example of mapping the counter values to
τP and tdead , obtained from the implementation in [Paper III], is presented in
Table 4.2. The table also shows the decoder outputs, dh6:0i , which correspond
to the particular counter values. Since the 4-bit counter is used in this work, 16
different durations of the dead time can be implemented. However, usually good
approximations are obtained with a lower number of different durations, such as 8,
in this case. This is because accurate dead time values are getting closer to each
other as the counter value is increasing. The value of capacitance CX is assumed
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Table 4.2: τP , decoder outputs and dead time corresponding to counter values.
sh3:0i
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

τP [ns]
36
48
60
72
84
97
109
121
133
145
157
169
181
193
205
218

M
U
X

M
U
X

sw0

sw1

dh6:0i
0000000
0000001
0000010
0000100
0001000
0001000
0010000
0010000
0100000
0100000
0100000
0100000
1000000
1000000
1000000
1000000

tdead [ns]
11
9
7
6
5
5
4
4
3
3
3
3
2.2
2.2
2.2
2.2

M
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M
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Figure 4.11: Adaptive dead time circuit.

to be equal to 10 pF. Note that the implemented values of tdead are slightly longer
than the accurate values obtained from Eq. (4.32). This is because the total value
of CX is relatively hard to predict, so a certain margin is introduced to prevent a
lossy reverse conduction of the pMOS switch which occurs when tdead is short.
The adaptive dead time circuit is a digitally programmable delay element. The
general implementation of the adaptive dead time circuit using multiplexer circuits
(MUXs) is shown in Fig. 4.11. Similar implementations are used in [Paper III]
and [Paper IV] and [Paper V]. Slightly different implementation, without MUXs,
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is used in [Paper I] and [Paper II]. The dead time circuit delays the falling edge
of the signal q̄N to generate the signal q̄N,d , which afterward triggers the one-shot
signal generator, as it is illustrated in Fig. 4.10.

4.4.3

Adaptive FET Sizing

As it was mentioned in the section 4.3.2, the efficiency of the converter can be
improved if the switches’ sizes are adjusted to track their optimal values as the
input voltage changes. The dependence of WN,opt and WP,opt on Vin is provided
in Eq. (4.50) and (4.51), respectively. At the same time, the information about
the input voltage level can be obtained directly from the control block without any
additional circuitry. This is because τP , which is defined by the counter value,
is proportional to Vin . Hence, the counter value, sh3:0i , which already defines τP
and τP , can be used to define WN and WP as well. As a result, this improvement
method is relatively simple to implement.
In [Paper IV], the switches are divided into four smaller sub-switches as it is
shown in Fig. 4.12. These sub-switches are carefully sized and driven independently
so that the total width of switches is set according to Eq. (4.50) and (4.51). The
simulations results show that this technique improves the efficiency of the converter
up to 12% at the lowest input voltage/power levels. The efficiency improvement is
limited mainly because this technique does not address the power consumption of
the control circuit.

4.4.4

Frequency Scaling

Frequency scaling has been proven as a much more effective method for enhancing
the conversion efficiency than the adaptive switch sizes, as it is demonstrated in
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Figure 4.13: Circuits for frequency scaling: (a) Frequency divider, (b) nMOS switch
pulse generator.
[Paper V]. This is because it simultaneously reduces the switching losses and the
power consumption of the control circuit, which both start to dominate at very low
input voltage/power levels. In this method, the switching frequency of the converter
is adjusted to track its optimal value. However, this technique is relatively complex
to implement. The switching frequency defines the input resistance of the converter.
Hence, changing fs disrupts the MPE, defined by Eq. (4.39). In order to mitigate
this issue, fs and τN have to be changed together, so that the input resistance
of the converter remains the same. As a result, τN has to be adaptive as well.
For example, Fig. 4.13a shows the frequency divider that can be used to generate
multiple switching frequencies, while Fig. 4.13b illustrates the simplified schematic
of the nMOS switch pulse generator. These two blocks can be controlled using the
same digital signal.
The practical implementation of this technique in the case of the single-inductor
double-input double-output boost converter is presented in [Paper V]. In this
solution, a finite-state-machine controls fs and τN using a 2-bit digital signal to
achieve dynamic frequency scaling and maintain the MPE at the same time. The
simulation, as well as measurement results, show that this technique improves the
efficiency of the converter more than 30% at the lowest input voltage/power levels.

4.5

Summary

The efficiency of the input converter is defined by the sum of the total losses and
the power consumption of the control circuit. For this reason, a detailed analysis of
all potential sources of losses within the converter is conducted, while their impact
on the overall efficiency is estimated. The sources of inevitable losses, i. e. the
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conduction, switching and leakage losses, are identified, and the design procedure
of the input converter that minimizes the sum of these losses and the control power
is proposed. This methodology optimizes the design parameters to maximize the
overall conversion efficiency.
In addition, the synchronization losses are addressed in detail, and the conditions and methods for mitigating these losses are identified. The control circuit
techniques, which implement these methods to completely eliminate the synchronization losses, are presented. Finally, the techniques for enhancing the efficiency
of the converter, in situations where the input voltage significantly departs from its
typical value, are explained.

Chapter 5

Energy Harvesting Interface ASICs
In this chapter two energy harvesting interfaces are presented. Both designs target
implantable medical applications and utilize the proposed design methodology, control strategies, and techniques to achieve the desired performance. These methods
and techniques have been covered in the previous chapters. The first implementation is a single-source thermoelectric energy harvesting interface. The main focus of
this design is to achieve the highest possible conversion efficiency in one of the most
challenging applications for energy harvesting. By maximizing the power delivered
to a biosensor, the proposed solution demonstrates the possibility of developing
self-powered implantable biosensors. The second implementation is a multi-source
energy harvesting interface for glucose biofuel cell and thermoelectric generator.
This design aims to improve the overall system reliability by combining energy
from multiple sources. In addition, it further increases the output power through
optimizing the conversion efficiency for varying input voltages of both harvesters at
the same time. The proposed interfaces were implemented in a standard 0.18 µm
CMOS process. Both solutions are validated by measurement results and achieve
high efficiencies at extremely low input voltage/power levels dictated by the application.

5.1

Thermoelectric Energy Harvesting Interface

The thermoelectric generators have been identified as the most suitable energy
harvesting source for implantable applications. Primarily, TEGs provide superior power density (above 100 µW/cm2 ) compared to other possible sources. In
addition, these devices are scalable and biocompatible, exhibit almost unlimited
lifetime and have a simple MPE setup. Nevertheless, the implementation of an
efficient thermoelectric interface is still quite a challenging task due to the strict
requirements dictated by the highly demanding application. As a result, the implementation has an urge for an outside-the-box solution that utilizes unconventional
design approach, custom methodology and novel techniques.
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The main design challenges arise from extremely low input voltage/power levels.
For the expected temperature difference across the device (ranging from 0.5 K to
3 K), the state-of-the-art TEG provides voltages of 15 mV–90 mV and power levels of
1 µW–40 µW to a properly matched load. Microwatt levels of the input power leave
a very tight power budget for the sum of total losses and the power consumption
of the control circuit. In fact, as previously explained, the main losses mechanisms
are inevitable, which means that the synchronization losses and the control power
should be aggressively tackled and pushed to nW levels. For this reason, the main
objectives and contributions of this work [Paper III] revolve around the following
three aspects. First, the sum of inevitable losses and the power consumption of the
control circuit is minimized. This is achieved by deriving the optimal values of all
design parameters through a detailed analysis of losses mechanisms. Second, the
synchronization losses are almost eliminated. This is accomplished by employing
the accurate zero-current and zero-voltage switching techniques within the control
circuit. Third, the power consumption of the complete control circuit is reduced
to nW levels. This is realized by reducing the voltage supply of the control circuit
and strictly following the low power design techniques.
The efficiency of the converter is optimized following the methodology presented
in 4.3.2. However, in order to pursue this procedure, the values of certain parameters in Eq. (4.55), such as Rpar , CX and Cc,ef f , have to be estimated in advance.
These parameters, together with the ones defined by the used technology and harvesting device, influence the results of the optimization procedure. In terms of
deriving their actual values, Rpar and CX are especially problematic since they
represent the sums of many parasitics. On the other hand, the value of Cc,ef f can
be estimated relatively well from the simulation results. In addition, both Rpar and
CX have to be carefully addressed because they may significantly influence the overall efficiency. [Paper III] recognizes the importance of including the losses related
to these parasitics into the expression of total losses as well as into the complete
optimization procedure. The parasitic resistances and capacitances that constitute
Rpar and CX can be divided into three groups based on their origins: i) on-chip
parasitics, ii) package and bondwire parasitics, and iii) PCB parasitics. For on-chip
parasitics, the combination of using hand calculations and parasitic extraction tools
may lead to rough approximations. Similarly, package and bondwire parasitics can
be extracted from the information available from corresponding vendors. Finally,
if the PCB is properly executed, its parasitics are generally negligible compared to
the parasitics from the former two groups. Therefore, it is possible to perform a
decent estimation of Rpar and CX values. A certain margin can be added to the
derived values to compensate for a few adopted assumptions.
This work also tries to minimize the losses related to Rpar and CX . Unfortunately, most of the techniques that can be used to reduce Rpar result in increasing
CX and vice versa. For instance, using multiple bondwires/PADs/leads on the
power path reduces Rpar , but increases CX at the same time. In fact, using a
miniature and low parasitic chip package is probably the only instrument that simultaneously reduces both Rpar and CX . For this reason, in this work, a quad-flat
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MN
I/Os

to ground
Figure 5.1: The critical path in terms of parasitics, from inductor to the ground.

no-lead (QFN) package is used. On the other hand, the actual number of bondwires or metal layers for the on-chip power train are empirically determined. Fig.
5.1 shows the part of the die photo, focusing on the path from the inductor (node
X) to the ground (through the nMOS switch). As it can be seen from the figure, 4
bondwires/PADs and I/O cells are used in parallel to connect the inductor to the
node X. The I/O cells are also refined to reduce their series resistance as much as
possible. The I/O cells are followed by a wide wire to connect the switches. This
wire consists of multiple metal layers in parallel (excluding the bottom layer which
increases the parasitic capacitance to ground). Finally, 6 bondwires/PADs and I/O
cells in total are used for the ground connection, from which 4 (shown in the figure)
are very close to the nMOS switch. The achieved value of Rpar is estimated to
0.15 Ω. At the same time, the total CX is estimated to 10 pF.
The synchronization losses are eliminated using the ZCS and ZVS techniques
presented in section 4.4. In [Paper III], these techniques are adapted for the
double-output converter. To carry out this adjustment, a second dead time generator and a second one-shot generator are added to drive the additional pMOS switch,
MP C . The sensing circuitry and the counter are shared. Since the voltage of the
second output, Vctrl is lower than the voltage of the main output, the durations
of the additional switch ON time, τP C and dead time are adjusted accordingly. In
order to generate the accurate dead time, the adaptive circuit in Fig. 4.11 is used.
However, a 2-bit external digital signal is added to change the loading capacitors
and adjust the tdead for the variability of CX . Even though CX is roughly estimated
and includes a certain margin, due to the process variation of on-chip estimates and
tolerances of bondwires and package, this estimated value may vary significantly.
The external bits are used to shift the duration of all dead times to compensate for
the variation in CX .
The power consumption of the control circuit is reduced mainly by decreasing its
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Figure 5.2: The distribution of losses within the converter in the first implementation: (a) Input voltage (power) is 60 mV (17 µW), (b) Input voltage (power) is
20 mV (1.9 µW).

voltage supply, Vctrl . It can be seen from Eq. (4.53) that using Vctrl of 1 V instead
the main output voltage of 1.8 V as power supply, reduces the power consumption
of the control circuit more than 3 times. In fact, this is the main reason for introducing the additional output to the converter. Adding the secondary output to the
converter is probably the most efficient method for generating an internal power
supply with a reduced voltage level. The other benefits of having the second output
are explained in [Paper III]. In addition, the short-circuit currents of digital gates
are additionally reduced by making the rise/fall time at the input and the output of
the gates similar [96]. Finally, the analog blocks are either low-frequency dynamic
circuits or operate in the weak inversion region so that the static power is kept as
low as possible. As a result, the complete control circuit consumes only 160 nW.
The distribution of losses within the converter is illustrated in Fig. 5.2. This
breakdown is obtained from the simulation results for two different input voltage/power levels. Fig. 5.2a shows the losses for the typical input voltage of 60 mV,
which is used to perform efficiency optimization. The corresponding input power
for this voltage is around 17 µW. In Fig. 5.2b, the input voltage and power are
20 mV and 1.9 µW, respectively. A few observations can be made from Fig. 5.2.
For the typical input voltage, the conduction losses dominate the total losses of the
converter, while the leakage losses are almost negligible. The contribution of the
control’s power consumption is relatively low. On the other hand, for the input
voltage of 20 mV, the switching losses are dominant, while the contribution of the
control’s power consumption as well as of leakage also became more significant.
This is because the conduction losses scale down with the input power/voltage
level, as it is indicated in Eq. (4.20), while the switching and leakage losses remain
unchanged. Eventually, at very low input power/voltage levels, the switching losses

5.2. MULTI-SOURCE ENERGY HARVESTING INTERFACE

67

Table 5.1: Comparison of the converter with state-of-the-art work.
Year
Process
Output
Voltage
Min. Input
Voltage
Peak
Efficiency
Start-up

[54]
2015
0.13-µm

[89]
2015
0.18-µm

[98]
2016
0.35-µm

[29]
2016
0.18-µm

[Paper III]
2016
0.18-µm

1.2 V

2.9-4.1 V

3.3 V

1-2 V

1.9 V

10 mV

14 mV

30 mV

50 mV

15 mV

83%

85%

85%

87%

86.6%

Pin = 11mW

Pin = 1µW

Pin = 40µW

Pin = 18µW

Pin = 30µW

yes

yes

yes

yes

no

start to dominate.
At the time when [Paper III] was published the performance of the chip
was very competitive. In fact, it has achieved the highest conversion efficiency
among the published µW boost converters for energy harvesting applications. In
the meantime, a few additional micropower harvesting interfaces have been published [29,54,89,98]. Table 5.1 compares this work with the current state-of-the-art
low-power boost converters for energy harvesting applications. As it can be seen
from the table, the SIDO boost converter proposed in [Paper III] still provides one
of the best conversion efficiencies, while being one of the lowest power design among
µW energy harvesting interfaces. Finally, the high efficiency of the presented thermoelectric energy harvesting interface facilitates the development of self-powered
implantable biosensors.

5.2

Multi-Source Energy Harvesting Interface

Single-source harvesting solutions generally raise reliability issues considering the
sporadic and unpredictable nature of energy harvesting. This concern can prove especially troublesome in implantable medical applications in which high reliability is
implied and expected, while unreliable operation can lead to serious consequences.
For these reasons, the presented solution primarily focuses on improving the overall
system reliability. The proposed converter in [Paper V] combines the energy harvested from glucose biofuel cell and thermoelectric generator to efficiently power
an implantable biosensor. Such design is very challenging since it has to handle
two different ultra-low power sources, extract the maximum possible power from
both sources and efficiently transfer the extracted power to the biosensor. In addition, this solution tries to maintain the high efficiency as the input voltages/powers
decrease by scaling the switching frequency accordingly. As a result, the implementation requires highly reconfigurable control circuitry.

68

CHAPTER 5. ENERGY HARVESTING INTERFACE ASICS

The glucose biofuel cells have been identified as the most promising forthcoming
energy harvesting source for implantable medical applications. Therefore, it is a
natural choice to accompany the thermoelectric generator as a second harvesting
source. The state-of-the-art implanted glucose biofuel cell is expected to deliver
similar power levels as the TEG (∼16 µW) at higher voltages of 30 mV–250 mV.
The device also exhibits a significantly higher internal resistance of 2000 Ω compared to 210 Ω of the TEG. Therefore, the converter has to present different input
resistances to the harvesters to achieve the MPE. Handling the multiple sources,
while maintaining the high conversion efficiency for two different varying input voltages is a rather complex task. To overcome these challenges, this work contributes
to the following aspects. First, the MPE is obtained for both harvesters at the
same time. This is achieved by properly adjusting the input resistance of the converter every-time when the used harvester is changed. Second, the efficiency of the
converter is optimized for varying input voltages of both converters at the same
time. This is realized by scaling the switching frequency of the converter if the
input voltage shifts or harvesters are exchanged. Third, the synchronization losses
are almost eliminated regardless of which harvester is connected, while the power
consumption of the control circuit is still kept at nW levels. This is achieved by
following the presented control strategy techniques for every operation phase of the
converter.
In micropower energy harvesting boost converters, which operate in DCM, the
inductor is disconnected from the converter most of the time. Actually, during this
time, the whole converter is in an idle state. This allows changing the harvesters
without disrupting the operation or functionality of the converter. In fact, the
converter can be configured so that the inputs exhibit different resistances as well
as different switching frequencies. To implement this feature, an additional switch
needs to be added for every harvester. These switches connect only one harvester
to the converter, at a time. If the frequency of connecting a harvester is fh and if
the converter switches nh times during the time that a harvester is connected, the
effective switching frequency for that harvester is fs,ef f = nh · fh . In this work,
two harvesters are connected, alternately. However, in theory, by following this
approach many harvesters can be connected and used in parallel.
As the input voltage/power decreases, the switching frequency of the converter
is also scaled down to reduce the switching losses as well as the power consumption
of the control circuit. Note that the conduction losses are naturally scaling down
with the input power as in Eq. (4.20). As a result, a high conversion efficiency of
the converter is maintained for a greater range of the input voltage. The switching
frequency is set to track the optimal value. As it was already mentioned, changing
the frequency disrupts the MPE condition, so the duration of the nMOS switch
ON time has to be adjusted as well. A pulse generator, similar to the one used to
generate pMOS switch ON time, is utilized for this purpose. However, the delays
introduced by this pulse generator are much longer than for pMOS switch since
τN  τP . In order to generate such delays without dissipating excessive power,
the delay elements are current starved. The additional switches for connecting
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Figure 5.3: The path from the harvester (GBFC) through the inductor to the
ground, which is one of the critical paths in terms of parasitics.

the harvesters introduce conduction and switching losses. Therefore, the efficiency
optimization method presented in section 4.3.2, is extended to account for these
losses as well. The optimal sizes of these switches are also derived. Similarly as in
the previous implementation, the losses related to parasitics are carefully addressed.
In this implementation, the parasitic series resistance on the power path, Rpar , is
significantly higher. It is estimated to be around 0.3 Ω which is double compared
to the previous implementation (0.15 Ω). This is because in [Paper V], the power
path enters the chip to reach the harvester selection switches, goes out through
the external inductor and returns to the chip again, passing through the bondwires
three times in total. This path is illustrated in Fig. 5.3 for the case when the GBFC
is connected.
The synchronization losses are eliminated for both harvesters, at all switching
frequencies, and for varying input voltages. This is realized by implementing a
highly reconfigurable and digitally intensive control circuit, which helps the converter to achieve ZCS and ZVS in every possible situation. The control utilizes a
finite-state-machine with 128 states to properly execute these tasks. The duration
of the pMOS switch ON time and dead time are controlled with 6 bits in total, from
which 2 bits are used for course control and 4 bits for fine tuning. Nevertheless,
the power consumption of the control circuit is still kept at nW levels. This is possible mainly due to two reasons. First, the control circuit uses the reduced supply
voltage, similarly with the previous implementation. The reduced voltage supply
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Figure 5.4: The distribution of losses within the converter in the second implementation: (a) Input voltage (power) is 60 mV (17 µW), (b) Input voltage (power) is
20 mV (1.9 µW).

allows adding the complex digital functionality without dissipating too much power.
Second, scaling the switching frequency also reduces the power consumption of the
control circuit according to Eq. (4.53).
The distribution of losses within the converter is illustrated in Fig. 5.4 for two
specific cases. This breakdown is obtained when only one harvester (TEG) is enabled in order to compare the losses contributions with the first implementation
and demonstrate the benefits of dynamic frequency scaling technique. Fig. 5.4a
shows the losses for the input voltage of 60 mV (the input power is around 17 µW),
while in Fig. 5.4b, the input voltage and power are 20 mV and 1.9 µW, respectively. It can be seen from Fig. 5.4a that when the input voltage is typical, the
contributions of different losses mechanisms are quite similar with the first implementation (shown in Fig. 5.2a). The contribution of conduction losses is somewhat
greater due to the resistance of the additional switch and a higher series parasitic
resistance, while the power consumption is higher due to the increased complexity.
The switching frequency for the input voltage of 60 mV is equal to 8 kHz. On the
other hand, when the input voltage is low (Fig. 5.4b), the contributions of various
losses mechanisms are drastically different. This is because the switching losses, as
well as the power consumption of the control circuit, are significantly reduced as a
result of frequency scaling. The switching frequency at this voltage level is reduced
to 1 kHz. Finally, Fig. 5.5 shows the comparison between the measured conversion
efficiencies of this work and the previous implementation when only TEG is used.
As it can be seen in the figure, the frequency adjusting extends the useful input
voltage range by maintaining the high efficiency of the interface as the input power
levels approach µW range. For instance, when the input voltage is 20 mV, the
conversion efficiency and, consequently, the power delivered to the load, is more
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Figure 5.5: The measured efficiency comparison of this work and the previous
implementation, when only TEG is used.

than doubled.
The performance of this work is rather competitive when compared against the
state-of-the-art multi/single-source energy harvesting interfaces, especially when
the efficiency of the combined sources is considered. In addition, this work is still
the only highly efficient GBFC interface for implantable applications.

5.3

Summary

Various methods and techniques have been presented in previous chapters aiming to
reduce the losses and maximize the efficiency of the converter. These methods and
techniques are successfully applied and tested in two different implementations,
while their performances are validated by measurement results. The first implementation, the single-source thermoelectric energy harvesting interface, follows the
design methodology which optimizes the efficiency for typical values of the input
voltage. In addition, it utilizes the improved ZCS and proposed ZVS techniques to
eliminate the synchronization losses. These techniques are executed by the control
circuit, which is powered from a separate output of the converter to achieve nW
power consumption. The measurement results show that the converter achieves a
peak efficiency of 86.6% at 30 µW. The second implementation, the multi-source
glucose biofuel cell and thermoelectric energy harvesting interface, employs the
design strategy that tracks the optimal values to achieve the high efficiency for
varying input voltages. It uses ZCS, ZVS and frequency scaling techniques to elim-
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inate the synchronization losses and further reduce the switching losses and the
power consumption of the control circuit. These techniques are implemented by
a digitally intensive control circuit based on the FSM with 128 states. The measurement results show that the converter achieves conversion efficiency greater than
80% when the combined input power from two sources is greater than 9 µW and a
peak efficiency of 89.5% at 66 µW.

Chapter 6

Conclusion and Future Work
Energy harvesting has been identified as the most promising alternative to batteries
for powering implantable medical devices. In fact, it can offer numerous benefits
over batteries of which some are essential for the further development of implants
as well as for a potential breakthrough in the personal medical electronics industry.
Above all, the energy harvesting can enable self-powered implants with theoretically
unlimited lifetime. However, there are many challenges to circumvent and problems
to solve in order to accomplish this ultimate goal. This thesis work tries to overcome
some of the critical challenges and pave the way towards completely autonomous
implantable medical devices. It focuses on maximizing the amount of harvested
power that is delivered to a biosensor. In this regard, a few intermediate steps are
successfully accomplished.
First, the energy harvesting sources that are suitable for powering implantable
biosensors are overviewed and investigated. Among them, the most promising ones,
the thermoelectric generator and the glucose biofuel cell, are identified. The power
levels provided by these sources in practice are also estimated and compared with
the power levels required by implantable biosensors. The observed discrepancy between these power levels is explained, and the possibilities for overcoming this issue
are addressed. Finally, it is concluded that self-powering is possible in applications
which satisfy the following conditions: i) the average harvested power is higher
than the average power consumed by a biosensor, ii) the energy storage device is
incorporated in the system and has sufficient energy capacity, and iii) the interface
circuit is efficient enough.
Second, the detailed analysis of all losses mechanisms within the input converter
is performed as an initial step towards designing a highly efficient energy harvesting
interface. The important sources of losses are identified and explained. As a result
of this analysis, a design methodology, to minimize the sum of inevitable losses and
the power consumption of the control circuit for a fixed as well as for a varying
input voltages, is proposed. In addition, the control strategy, which eliminates the
synchronization losses and further reduces the power consumption of the control,
73
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is presented. This control strategy encompasses various proposed techniques, such
as the zero-current switching, zero-voltage switching, adaptive switch sizing and
dynamic frequency scaling technique. These techniques are described in general
terms, while examples of low-power circuit implementations are also provided. As a
result, all ingredients for implementing a highly efficient energy harvesting interface
for implantable medical applications are established.
Third, two micropower energy harvesting interfaces are implemented in a 0.18 µm
CMOS process targeting implantable medical devices. The first implementation
employs the single-inductor dual-output boost converter to efficiently transfer the
power harvested from a thermoelectric generator to the output. The boost converter follows the proposed design methodology and utilizes zero-current switching
and zero-voltage switching techniques to achieve a high conversion efficiency. In
addition, the dual-output topology of the converter allows significant power savings in the control circuitry. The measurement results show that the converter
achieves high efficiency for input power levels above 10 µW and a peak efficiency
of 86.6% at 30 µW. The converter operates from the input voltages greater than
15 mV, which corresponds to 1 µW of power. The obtained performance, high
efficiencies at µW power levels, clearly demonstrates the potential of using the energy harvesting techniques to power an implant and paves the way towards the
development of autonomous implantable biosensors. In the second implementation, a single-inductor dual-input dual-output boost converter is used to combine
the energy from a glucose biofuel cell and thermoelectric generator and power the
load. The converter incorporates the proposed designed methodology for a varying input voltage and employs zero-current switching, zero-voltage switching and
dynamic frequency scaling techniques to achieve a high efficiency for a combined
power transfer. The measurement results show that the converter achieves high
efficiency when the combined input power from two sources is greater than 9 µW
and a peak efficiency of 89.5% at 66 µW. The converter operates from the input
voltages greater than 10 mV for the thermoelectric generator and 30 mV for the
glucose biofuel cell. This implementation represents an important step for enabling
a reliable operation of self-powered implantable biosensors.
The work in this thesis has successfully accomplished the main research objectives defined in section 1.3. However, it represents just one step towards the final
goal, which implies that autonomous biosensors are widespread, while numerous
such devices are connected in complete health platforms, such as IoMT. However,
to reach such goal, a tremendous amount of research and work is still to be done.
For these reasons, it is important to identify some of the open problems and future
directions of this research:
• The losses analysis presented in section 4.3 and the outcomes of this analysis,
such as Eq. (4.54), can be used to compare the different process technologies in
terms of their suitability for energy harvesting applications. Such comparison
can help in recognizing and choosing the process technology which can yield
the highest conversion efficiency. This selection is not straightforward since
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there are various technology related parameters that define maximum obtainable efficiency. Choosing the most suitable technology can be especially
useful when customized solution, which pushes the technology boundaries,
is necessary and when every nW power delivered to the load is important.
Therefore, the properly selected technology can probably achieve higher conversion efficiencies than the ones presented in this theses. This can be further
investigated.
0
• The parameter RN
in Eq. (4.54) represents the ON resistance of the nMOS
0
switch per unit width. In this work, mainly for the sake of simplicity, RN
is
seen as a technology related constant since the gate voltage, when the switch
is ON, is set to the maximum voltage in the system, Vout . However, this
voltage can be increased above Vout using a charge pump or a similar circuit
0
in order to reduce RN
and, consequently, the related conduction losses. A
similar technique has been used to reduce the leakage losses of the pMOS
switch during the idle state of the converter [87]. The downside of such
technique is that it may reduce the lifetime of the switch due to the excessive
gate voltage, which can accelerate transistor aging effects or even cause the
oxide breakdown. Therefore, the actual limitation of gate voltage should be
carefully addressed prior using such techniques. Nevertheless, it may prove
as an effective way to improve the overall efficiency, so it probably deserves
further research.

• In this work, a standard multi-stage tapered buffer is used to drive the
switches. As a result, the power consumption factor of a driver circuit, k
in Eq. (4.28) and (4.54), is around 2. This means that the driver circuits, in
total, consume double the power that is necessary to drive the gate capacitance of the switch. This sounds a bit high, so perhaps more efficient driver
topologies should be investigated. Alternatively, additional techniques could
also be incorporated into the used drivers to reduce the power consumption.
For instance, a dead time could be introduced when driving the last buffer
stages to prevent the short-circuit currents during transitions or a charge
recycling technique, similar to [99], can be implemented.
• The glucose biofuel cells, presented in [55], can be fabricated on silicon wafers.
The actual co-integration of an energy harvesting device and a biosensor (including an interface circuit) on the same die would significantly reduce the
form-factor of the complete system. As a result, a whole new generation of
implantable medical devices could emerge. Therefore, this research direction
should definitively be investigated in the foreseeable future.
• As it has been discussed in this work, the energy harvesting is by nature unpredictable and sporadic since it is highly dependent on the current conditions
in the surrounding environment. In implantable applications, the environment is especially complicated and unpredictable, while the harvested power
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depends on numerous biological processes within the body. For instance, in
the case of glucose biofuel cells, the harvested power depends on the glucose
concentration in body liquids in the proximity of the device, while the output
power of the thermoelectric generator depends on the temperature gradient
as well as on the thermal matching with the surrounding tissue. Nevertheless, the research with in-vivo results is rather limited. Therefore, additional
efforts should be directed towards obtaining in-vivo supported results.
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