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Preface

This book presents the conception and prototype realization of a Self-Powered archi-
tecture for subcutaneous detector devices. The architecture is designed to work as
an event detector or threshold level alarm of some substances, ions, etc ... that are
detected through three-electrodes amperometric Biosensor approach.

In this book, the final device is envisaged as a Low-Power subcutaneous
implantable application powered by an inductive link, one emitter antenna at the
external side of the skin and the receiver antenna under the skin.

The sensor is controlled with a potentiostat circuit and then, a post-processing
unit detects the desired levels and activates the transmission via a backscattering
method using the inductive link. All the instrumentation, except the power module,
is implemented in the BioChip ASIC.

Following the idea of the powering link to harvest energy of the magnetic induced
link at the implanted device, a Multi-Harvesting Power Chip (MHPC) has been also
designed. This power management unit, able to collect energy from three differ-
ent sources, solar, mechanical vibrations and magnetically induced energy, converts
the energy of the environment into usable electrical energy. In that way, any type
of Low-Voltage Low-Power electronics can be powered. This MHPC is used as a
supply unit in the designed subcutaneous device.

This book is based on the research carried out in the Smart Self-Powered
BioInspired Systems (S?PBS) of the SIC — BIO Group at the Universitat de
Barcelona, Spain, focused on developing discrete-to-integrate electronics for spe-
cific instrumentation.

This book is divided in five chapters:

e In Chapter 1, an overview of the state of the art of energy harvesting is done.
Several ambient power sources and human body-centered sources are com-
mented. Then, a general introduction to Biosensors and electronics for three
electrodes sensors is provided.

e Chapter 2 discuses the design of an ASIC able to recollect energy from sev-
eral different energy harvesting power sources. All circuits are theoretically and
experimentally described and validated. The final IC, called MHPC, is tested and
validated.



vi

Preface

Chapter 3 focuses on the design of the integrated instrumentation IC (BioChip)
to work with the three electrodes amperometric sensor. The potentiostat amplifier
is described in detail and validated through experimental results using a real elec-
trochemical substance. Furthermore, the conception of a Lock-In amplifier is also
introduced in this chapter as well as the transcutaneous link data transmission.
Finally, the Self-Powered front-end architecture for subcutaneous detector
devices is presented in Chapter 4. The device combines the MHPC, BioChip,
communication antenna, etc... in the same substrate that is fully validated
through different test.

Chapter 5 summarizes the main contributions presented in this book. Moreover,
some possible future aspects that may arise from this work are presented.
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Chapter 1
Introduction

Abstract This chapter introduces the state-of-the-art in the main topics covered
in the book: energy harvesting, with special interest in the body energy harvest-
ing sources, biosensors, and finally the electronics for them. These are the main
aspects to consider in the envisaged conception of the Self-Powered architecture for
subcutaneous detector device.

Keywords Low-power instrumentation - Miniaturized biomedical system
Wireless implanted devices - Self-Powered devices - Event detector implantable
devices

The integration of medicine and electronic technologies allows the development
of biomedical devices able to diagnose and/or treat pathologies by detecting
and/or monitoring pathogens, multiple ions, PH changes, and so on. Moreover,
the advances in different areas such microelectronics, microfluidics, microsensors
and biocompatible materials open the door to develop human body Lab-on-Chip
Implantable Devices and Point-of-Care in-vitro devices.

The key aspect on the development of subcutaneous applications consists on
combining the powering and the instrumentation in the same device, hence two
main problems should be overcome. The first one consists on the integration of
the necessary instrumentation and communication electronics to control the sen-
sors/Biosensors and to send the information through human skin, whereas the
second one resides in the way to transfer enough energy to power the device.

Some examples of implantable telemetry electronics integration can be found in
the literature like in [1, 2] or [3] and in [4] and [5] where two integrated electron-
ics for in-vivo monitoring are introduced. Although many efforts have been focused
on developing robust electronics for in-vivo monitoring, that is continuously sens-
ing, recording and data transmission, not all the in-vivo subcutaneous applications
require these circuits. There are other less studied applications more focused on the
detection of presence or absence of a certain levels of proteins, antibodies, ions,
oxygen, glucose, etc. . .

These in-vivo subcutaneous event detection circuits or True/False applications
[4] work as an alarm; when the analyzed concentration level exceed, under or over,

J. Colomer-Farrarons, P.L. Miribel-Catala, A CMOS Self-Powered Front-End 1
Architecture for Subcutaneous Event-Detector Devices, DOI 10.1007/978-94-007-0686-6_1,
© Springer Science+Business Media B.V. 2011
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a threshold value or the system detects the presence of zero tolerance pathogens like
salmonella [4], the systems send to an external reader a signal indicating the fault or
showing the value as in some pregnancy tests.

For instance, in the case of glucose monitoring, the detection of a threshold
decrease in the glucose level it is mandatory to avoid critic situations like the
hypoglycaemia [6]. In that case, the True/False implantable device could check
the glucose levels to manage an automatic method to inject insulin to regulate the
glucose level on blood.

The second question to be considered is how supply energy to the subcutaneous
or implantable devices. Since it is quite difficult to use the classical bulky batteries
or other more modern type of batteries under the human skin, the device is not a
pacemaker that is inserted into the chest, this is implanted just under the skin, a
smart solution consists in harvesting the energy from the environment and, in that
particular case, to recollect the energy coming from the human being to self-power
the implanted device.

In application areas as diverse as aircraft construction, personal health care sys-
tems or burglary detection systems, energy harvesting is on the verge of developing
a market with a multibillion dollar potential. For instance, an electronic device
including a semiconductor-based thermo electric generator (TEG) that transforms
temperature differences into electrical energy could be worn on the body using the
human body heat as an energy source for medical monitoring. Furthermore, the total
amount of energy demanded to the energy suppliers could be strongly reduced just
walking around while carrying on the body or on the clothes several autonomous
portable devices in which energy harvesting from vibrations has been included.

The benefits of this green local actuation could get a huge impact in the global
energy demand. In the particular case of personal healthcare, the combination of har-
vesting sources and/or thin-film batteries opens new fields of interest, like Patient
Monitoring & Tracking, Transdermal Drug Delivery, Accelerated Healing Devices
and Pharmaceutical Compliance in the conception of a Body Sensor Network
(BSN).

The miniaturization of electronics and the combination with solutions like the
thin-film batteries by Silicore [7] are interesting options in the development of new
Transdermal Drug Delivery (TDD) methods [8, 9] with the idea to eliminate needles,
Fig. 1.1, and to ensure proper dosage control, closing the feedback of an artificial
pancreas.

Moreover, an inductive coupling RF power harvesting is a growing alternative
method to transmit energy transcutaneously instead of batteries or wires [10-12],
and for the particular case of subcutaneous devices it seems a good approach.

Furthermore, this alternative permits to establish a bidirectional communication
between the implanted device and an external base or reader. Some implantable RF
circuits based on inductively coupling can be found in the literature like in [13,
14]. Several energy sources as well as the state of the art in energy harvesting are
introduced later on in this chapter, whereas on Chapter 2 is developed our approach
to Multi-Harvesting Power Chip (MHPC) applicable to generic developments.

A the end of this work, on Chapter 4, it is presented a generic implantable front-
end architecture based on an inductive coupling for in-vivo presence or absence
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Fig. 1.1 Patch example
from [8]

detection of pathogens, ions, oxygen concentration, etc. . . for a generic amperomet-
ric Biosensors application. The proposed architecture includes the on-chip biasing,
the potentiostat to drive the sensor, and the modulation and communication block.

The final step of this book is the conception of a first capsule prototype with an
ideal size less than 4.5 cm long and 2.5 cm in diameter following the same philos-
ophy like some contraceptives subcutaneous implantable devices like Norplant®,
Jadelle® or Implanon® [15, 16].

All circuits in this work have been developed with the 130 nm technology from
ST Microelectronics available through the CMP Tima. This tech. gives a nice trade-
off between area and Analog/Digital performances for that type of applications.

1.1 Energy Harvesting in Human and Non-human Activities

1.1.1 Introduction

Nowadays, there is an enormous interest on renewable energy sources and its appli-
cations, especially for high-power levels [17, 18, 19]. There is also an increasing
interest in using free available external energy sources for powering small elec-
tronic systems, a process known as energy harvesting [20]. However, the amount
of energy that can be obtained from these external ambient sources like vibrations,
heat gradients, light, radio waves [21-23, , , 14], or from human activity [25, 26] is
limited regarding power consumption levels.

Some already published works show the design of self-powered systems based
on MEMS micro-power sources like electromagnetic micro-power MEMS gener-
ators [27, 28], variable capacitors [29], piezoelectric-based generators [30, 31], or
defining completely an integrated sensor node [32]. Examples of these technologies
are the design of self-powered wireless networks [33] formed by distributed sensors
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which are capable of monitoring the real-time condition of motors, turbines, pumps,
and gear boxes, or the design of heating or ventilation control systems for burglary
alarms.

One of the most interesting application fields is biology where self-powered
RFID bio tags can monitor the temperature, pressure [34, 35] or check animal’s
healthcare [36, 37].

The continuous advances in the semiconductor’s integration technology related
to the reduction of the transistor’s size allow the industry to develop these new
self-powered portable electronic devices which usually include in their System-in-
Package (SiP) or System-on-Chip (SoC) a great variety of circuitry and functions
like wireless sensor networks or biomedical electrical instrumentation. However, the
main problem with these new devices resides in the power supply system, which is
usually based on a typical bulky battery solution often with much larger size than
the SiP or SoC itself.

The size, width, finite energy lifetime, and battery replacement are important
drawbacks for those small and portable applications that need long lifetime energy
supply systems [38—40]. So, novel and innovative energy supply alternatives must
be explored to remove or replace the battery dependence and make feasible the
deployment of these batteryless devices. Focusing on this field, a new trend in the
research of energy sources for low-power applications is growing rapidly over the
last years.

This approach consists in harvesting the available energy of the environment in
order to supply enough power to the electronic applications instead of using a battery
or other technologies with short lifetime and finite amount of energy.

1.1.2 State-of-the-Art of the Energy Harvesting

The first energy cell, the battery, was invented by Alessandro Volta 1799. His inven-
tion predated the first mechanical to electrical energy converter device discovered
by Michael Faraday. At the beginning, batteries were the only way to generate elec-
trical energy. It was at the end of nineteenth century when electricity arrives to the
cities by wires and the batteries were relegated to mobile platforms.

Battery technology underwent a tremendous progress since it was first discov-
ered. This progress enabled the explosion of a huge number of new applications
such for mobile devices. However, new challenges in technology added to some
intrinsic limitations of batteries have motivated the research to look for new smart
energy generation solution systems.

These new smart energy systems are conceived to actively “monitor and optimize
themselves”. The requirements and expectations for these systems are: efficiency,
sustainability, intelligence, autonomy, a high degree of integration, etc... These
expectations rule out the use of batteries as energy sources because they have a
limited life time, which is in contrast to the concept of “Smart”. In addition, bat-
teries produce pollutant residues. New energy solutions must have a very long life
time and must be sustainable.
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A very interesting publication to the “Economist Group” about future trends was
presented in 2003 by the Microsoft chairman and chief software architect Bill Gates
[41]. The publication was named “The Disappearing Computer”. In that publication,
he envisioned a future world where ubiquitous embedded systems will interact with
people whether they know it or not. Those envisioned systems will have to run with-
out batteries and use power harvesting systems to transform environmental energy
into usable electrical energy.

As people find more ways to incorporate these inexpensive, flexible and infinitely customiz-
able devices into their lives, the computers themselves will gradually “disappear” into the
fabric of our lives. We are still a long way from a world full of disembodied intelligent
machines, but the computing experience of the coming decade will be so seamless and intu-
itive that—increasingly—we will barely notice it. At the same time, computing will become
widespread enough that we will take it for granted—just as most people in the developed
world today trust the telephone service.

The pervasiveness and near—invisibility of computing will be helped along by new tech-
nologies such as cheap, flexible displays, fingernail-sized MEMs (microelectromechanical
systems) chips capable of storing terabytes of data, or inductively powered computers that
rely on heat and motion from their environment to run without batteries.

Thus, the solution for this energy problem seems to pass through the design of sys-
tems capable of continuously transform energy from the environment into electrical
energy useful to supply an electronics device. This procedure is known as “power
harvesting”. Basically, four different power sources are available in the environment:
mechanical vibrations, solar, thermal and Magnetically Induced.

1.1.2.1 Mechanical Vibrations

Mechanical vibrations can be found in many places. In floors and walls of a building
caused by nearby machinery. In automobile chassis or tires, in jet engine housing,
human walking, etc. . .

These vibrations present a wide range of amplitudes and frequencies. Medium
frequency vibration appears in our daily life. For example, inside a building or inside
a lab, there are different vibrations produced by different sources. Figure 1.2 shows
typical vibration sources that act inside a laboratory [42].

Moreover, in our daily home life it is also used some machinery that also pro-
duces vibrations like a microwave oven or a milling machine. In general, we are
submitted to vibrations from 1 to 100 Hz. Some other intermediate vibrations appear
with higher accelerations in vehicles, i.e. it is possible to find vibration frequencies
up to 1 kHz @ 10m/s* inside a car. Higher frequencies can be found in indus-
trial applications. Some specific engines such as some turbines or motors generate
frequencies > 1 kHz.

Researchers usually have long designed systems exploiting the oscillations of
a proof mass to harvest mechanical vibration energy. These kinds of converters
are also known as “Inertial Converters”. There are different ways to convert this
mechanical energy into electrical energy. In fact there exist three kinds of physical
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Upperflow
Motorized Equipment building vibration
(10-500Hz) (1-10Hz)
Streettraffic
(5-100Hz)

Fig. 1.2 Common environmental sources of noise in a laboratory [43]

principles that can be used: (1) magnetic induction converters, (2) electrostatic
converters and (3) piezoelectric converters.

The magnetic induction transducer (1) is based on Faraday’s law. It is based on
the motion of an electric conductor through a magnetic field. Typically the conductor
is wound in a coil to make an inductor. The relative motion between the coil and
magnetic field causes a current flowing in the coil.

Some relevant research groups have been designing electromagnetic power gen-
erators. MIT researchers [44] developed a generator able to deliver 400 wW using
the human walking activity as vibration source. On the other hand, other group from
Sheffield, presented a I mm? size electromagnetic micro-generator, able to generate
0.3 W from a 4 MHz input excitation.

Electrostatic generation (2) consists of two conductors separated by a dielec-
tric (i.e. a capacitor), which moves relative to one another. As the conductors
move, the energy stored in the capacitor changes, thus providing the mechanism for
mechanical to electrical energy conversion. Menninger et al. of MIT presented an
electrostatic generator that employs a variable micro machined capacitor to recollect
ambient vibrations.

The third physical technique consists in using the well known piezoelectric mate-
rials. These materials generate an electric field or electric potential in response to a
mechanical stress. Like the other techniques it is possible to find some examples of
generator based on piezoelectric like in [42].
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There are a lot of variables and trade-offs to take into account when design-
ing systems for harvesting from vibrations. Some of the more important ones are:
volume restrictions, specifications of the vibration source and environment of appli-
cation, the available electronic and mechatronic technology, etc... Although all
these aspects will influence the solution to be adopted, it is interesting to make
a quantitative comparison in terms of energy density inherent to each type of
converter.

Table 1.1 presented by Roundy et al. [45] shows the expressions for the three
energy converters. Moreover, a computation of the theoretical and practical max-
imum values is shown. The piezoelectric energy density equation is obtained
considering the energy density in a dielectric material and the electric field induced
by a mechanical stress. The energy density equation for an electrostatic converter
is directly computed as the energy density in a dielectric material and finally, the
energy density in the electromagnetic generator is directly computed as the energy
of a magnetic field.

Table 1.1 Summary of maximum energy density of three types of mechanical transducers

Type Governing equation Practical max. (mJ/cm?) Theoretical max.
Piezoelectric u= ayz K / 2Y 17.7 335 mJ/cm?
Electrostatic u = 0.5¢E> 4 44 mJ/cm?
Electromagnetic u=R? / 210 4 400 mJ/ecm?

The quantitative comparison is based on the evaluation of the maximum energy
densities that these materials can sustain. In the case of the piezoelectric converter,
the maximum energy density is achieved when the material sustains the maximum
stress before breaking; this is named the “yield strength”.

Table 1.1 also shows that piezoelectric converters have higher practical energy
densities than the other two options. Nevertheless, it is important to have in mind
other qualitative and performance comparisons for these converters.

e Electromagnetic converters produce very low voltages. This is a serious problem
because the signal generated from the converter is an AC signal so it needs to be
rectified. In order to increase this signal a heavy transformer has to be used so the
dimensions of the whole system increase. These converters have other problems
intrinsically associated to them. The role of the magnetic fields in the transduction
process can produce interferences with its associated electronic circuitry. These
converters have the advantage of being easily micro-mechanized.

e FElectrostatic converters have the disadvantage of requiring an external power
source to charge the capacitor beforehand; moreover they need a mechanical stop-
per in order to avoid the contact between the two plates. This mechanical stopper
will increase the damping of the system. On the other hand, these converters
produce higher voltages than the electromagnetic ones, and can be directly rec-
tified. A very interesting advantage of these converters is their easy integration
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in micromechanics systems that allow the design of compact and specifically
designed systems.

e Piezoelectric converters have the highest energy density. The voltage and cur-
rent levels are in an acceptable range and are easily modified to fulfill the input
specifications. These converters do not need any magnetic field or mechanical
stopper.

1.1.2.2 Solar Energy

It consists on using the energy radiated by the sun and it is widely used as a power
source in many applications. In fact, solar radiation varies around the world due to
weather conditions, longitude and latitude, etc. However, it is possible to give an
averaged value for a direct bright sun of about 100 mW/cm?. It is also possible to
use the emitted light inside a building; in this case an average value of about 100
nwW/cm?2 is expected [46].

The conversion principle for changing light into electrical energy is based on
the photovoltaic effect. This effect is the result from the interaction between light
and matter, the absorption of the photon energy by the photovoltaic cell gen-
erates electrical current. Silicon solar cells are a mature technology for a large
scale.

Photovoltaic systems are found from the Megawatt to the milliwatt range, pro-
ducing electricity for a wide range of applications with efficiencies from 12 to 25%.
There are thousands of companies that supply silicon solar cells and spend millions
of dollars to improve its efficiencies while reducing costs.

However, new materials with tremendous challenging potential applications are
being used to form photovoltaic cells. Nanosolar [47], Konarka [48], and other
companies are developing energy-producing material with solar cells embedded
in thin sheets of plastic, which promises to drastically reduce solar power’s cost.
This “power plastic” can be laminated onto any surface, from rooftops to laptops to
automobiles [49].

1.1.2.3 Thermoelectric Generators

The use of heat gradients to generate energy was one of the first ways to accomplish
energy conversion. The classical “vapor machines” used the expansion of a gas,
that when heated, moved a piston by pressure and generates a mechanical motion.
However, since it would need to combust some kind of substance or material, this
kind of systems could not be considered as an energy harvesting system,

On the other hand, in the environment, there are different constant sources of
wasted heat that can be used to generate electrical power. The human body is
always at the same temperature even the environmental temperature changes, this
heat gradient can be used to generate electrical current.

There are different methods or principles to convert a heat gradient into electrical
energy: 1) thermoelectric generators and 2) pyroelectric generators.
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Thermoelectric generators (1), which have been of great interest in the recent
years, are based on a junction of two dissimilar materials “n” and “p” semicon-
ductors. These are connected by a metal conductor at the hot and at the cold side
of the gradient. Temperature gradients across the thermoelectric material drives
electron charge carriers from the hot to the cold junction and produce a voltage.
Thermoelectric generators are a good choice since they can be microfabricated with
classical microfabrication techniques.

In 1997, Stordeur et al. designed a micropower thermoelectric generator able
to produce 20 pW with AT = 20 °K [50]. Nowadays, some companies are sell-
ing products based on thermoelectric generators. For example, Seiko placed for
sale a thermal wristwatch that uses 10 thermoelectric modules to generate sufficient
microwatts to run its mechanical clock [51]. Applied Digital Solution presented the
Thermo Life that is a thermoelectric generator measuring 0.5 cm? and 1.6 mm thick,
which can supply energy to a Biosensor when it contacts with the skin. It is able to
supply 5 pA @ 3 V with a 5°C of gradient temperature, [52].

Pyroelectric solutions (2) are based on polar materials when they are subjected to
temperature changes. The effect is similar to the piezoelectric effect but, instead of
electric charges appearing when the material is deformed, superficial charges appear
in a certain direction, when the material changes its temperature.

1.1.2.4 Mechanical, Thermoelectric and Solar Energy Comparison

A comparison of the different energy harvesting technologies is extracted
from the analysis made by Shad Roundy in his dissertation submitted at the
Virginia Polytechnique Inststute [53]. Table 1.2 shows the energy densities for
a set of different environmental scavenged power sources and for some energy
IESErvoirs.

The table is composed by three columns. The first one shows the energy density
during the first year. The second column shows the energy density for the first year
and up to the tenth year of life. This information is given to show the decrease in the
performances of the energy reservoirs after several uses. The third column shows
the source of information.

While this table of comparison is by no means exhaustive, it does provide a broad
overview of potential methods to scavenge energy and energy storage systems. It is
clearly seen that the energy reservoir undergoes to a considerable reduction of its
energy density (one order of magnitude) after the first years of use, except for the
nuclear uranium based sources.

This degradation in performance reduces the number of applications where this
energy sources could be used. In contrast, the harvesting sources theoretically
present the same performance after 1 year of life; therefore, it is possible to think in
applications where the systems are completely autonomous for a long time.

Comparing the different sources, it is clear that the most energetic is the solar
solution in a sunny day. This is the most widely used solution due to the ubiqui-
tous of solar light. Mechanical vibrations are presented as the next more energetic
solution because mechanical vibrations surround our daily life. Furthermore, some
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Table 1.2 Comparison of energy scavenging and energy storage methods
effects are taken into consideration for batteries [53]

1 Introduction

. Note that leakage

Power density
(WW / cm?)

Power density
(WW / cm?)

1 Year lifetime 10 Year lifetime ~ Source
Scavenged power Solar (outdoors) 15,000 — direct 15,000 — direct Commonly
source sun sun available
150 — cloudy day 150 — cloudy day
Solar (indoors) 6 — office desk 6 — office desk 0
Vibrations 200 200 Roundy 2002
Acoustic noise 0.003 @ 75 dB 0.003 @ 75 dB Theory
0.96 @ 100 dB 0.96 @ 100 dB
Daily temp. 10 10 Theory
variation
Temp. gradient 15@10°C 15 @ 10°C Stordeur and
gradient gradient Stark 1997
Shoe inserts 330 330 Shenk and
Paradiso 2001
Energy reservoirs Batteries 45 35 Commonly
(non-recharge available
lithium)
Batteries 7 0 Commonly
(rechargeable available
Lithium)
Hydrocarbon 333 33 Mehra 2000
fuel (micro
heat engine)
Fuel cells 280 28 Commonly
(methanol) available
Nuclear isotopes 6 x 10° 6 x 10° Commonly
(uranium) available

theoretical and experimental implementations demonstrate generations of about 200

wW/cm?2.

Big efforts are being done to accomplish designs for harvesting this energy. The

last raw of the scavenged solutions shows the shoe insert solution. Some researchers
have pointed out the possibility to use the energy damped in the sole of a shoe to
drive some kind of wearable device. It is possible to harvest around 300 pW/cm?
of power density, for normal walking conditions. The table shows other sources
however the amount of energy these sources provide is very small.

1.1.2.5 Magnetically Induced Energy

Nowadays, wireless communications and transmissions are present in our daily
activities generating lots of energy in electromagnetic form. Although, it is not
strictly a power generator that can be easily and naturally found in the environ-
ment, the electromagnetic radiation can be used to power small devices such as
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energy transport media. Following that idea, terms like Witricity [54] or Wireless
Power Transmission or Inductive Powering are becoming popular to power some
equipment.

Wireless power transmission is basically based on the use of two electromagnetic
resonant objects (i.e. one transmitter and one receiver antennas) tuned at the same
frequency. In that way, the energy is transferred thanks to the electromagnetic cou-
pling between both objects. Moreover, an electromagnetic field can be specifically
designed to work at a specific frequency and orientation.

The possibility of industrial applications of this Wireless Power was demon-
strated by MIT Researchers [55, 56]. They power a 60 W light bulb using two
cooper coils of 60 cm diameter working at 9.9 MHz. The coils were inductively
coupled achieving an efficiency of 45% for a separation of 2 m, one working as
emitter and the other connected to the bulb.

Moreover, in the biomedical field, the use of an Inductive Link working at the
appropriate frequency is a valuable option to transmit energy transcutaneously.
Thus, the subcutaneous implantable devices can be designed avoiding the use of
bulky batteries or even wires through the human skin. Other advantage is the possi-
bility to establish a bidirectional data communication over the same Inductive link
used for energy transmission.

This smart combination of power and transmission makes the use of Magnetic
Induction highly valuable for sensitive applications like human subcutaneous
implantable devices.

A widely used example of inductive links is a microchip implant for pet’s iden-
tification. It is a Radio Frequency Identifier tag (RFID) with a unique chip number.
This chip is implanted into the pet, cat, dog, etc... and the number is automati-
cally associated to the owner after filling an enrolment form with the chip number,
owner name and contact information. In that way, if the pet is lost or stolen, it can
be scanned to obtain the owner information.

1.1.3 Body Harvesting

At that point, after study different environmental energy sources, it is time to ana-
lyze the energy harvesting sources available from the human body. Several studies
and analysis have been reported that the human body can be used as a generator.
Basically, the body could generate power in two ways, passively or actively.

Passive human generation of power for a product means that the person does not
perform any special activity to drive the product. That is, passive powering takes
place when the user does not have to do any task different to normal tasks associated
with the product.

On the other side, active generation means that the person performs an activ-
ity that when using the same product not powered by a human would not have
been performed. Generally speaking, more power can be generated actively than
passively [21].
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There are different available sources to harvest energy in the body, thermal, vibra-
tion or even magnetically induced thanks to the advances in portable local wireless
systems. The human body is a tremendous storehouse of energy but, some key
aspects must be taken into account.

The first source approach is related to the body heat. Since the human body
emits energy as heat, it follows naturally to try to harness this energy. However,
Carnot efficiency puts an upper limit on how well this waste heat can be recovered.
Assuming normal body temperature and a relatively low room temperature (20°C),
the Carnot efficiency is: (In a warmer environment (27°C) the Carnot efficiency
drops to 3.2%)

Tsoby — Tambient _ 310K — 293k

= =55%22
Teopy 310K

The energy that can be recovered using the Carnot engine is in the range of 2.4 W—
4.8 W. Taking into account that the total amount of power that is wasted in the form
of heat it is around 100 W, this represents a low efficiency.

While a full wetsuit or even a torso body suit is unsuitable for many applications,
the neck offers a good location for a tight seal, access to major centres of blood
flow, and easy removal by the user. The neck is approximately 1/15 of the surface
area of the “core” region (those parts that the body tries to keep warm at all times).
As a rough estimate, assuming even heat dissipation over the body, a maximum of
0.20-0.32 W could be recovered conveniently by such a neck braces.

The head may also be a convenient heat source for some applications where pro-
tective hoods are already in place. Furthermore, the head is also a very convenient
spot for coupling sensory input to the user is some biomedical applications. The sur-
face area of the head is approximately three times the neck area and could provide
0.60-0.96 W with an optimal conversion.

There are different approaches to recover this energy thanks to thermoelectric
generators. Low-power thermoelectrically-driven products have appeared. Produced
during the 1990s, the Seiko Thermal-wristwatch [51] uses ten thermoelectric mod-
ules to generate a microwatt from the small thermal gradient provided by body heat
over ambient temperature to activate its mechanical clock movement.

Other company, Applied Digital Solutions, developed a thermoelectric generator
called Thermo Life [57] with an area of 0.5 cm? and 1.6 mm thickness. It can gen-
erate 10 WA at 3 V (6 V open circuit) with only 5°C of temperature difference thank
to its dense array of low-temperature thermopiles.

The ThermoLife is designed to power low-current Biosensor electronics working
in contact with the skin. These systems typically come with batteries that store extra
energy produced during periods of higher temperature differences, so they can work
continuously during less efficient ambient temperatures.

The motion of the body is also a feasible power source for harvesting. Several
normal movements of the human body can be used as energy sources as is depicted
in the body map of Fig. 1.3
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Body Heat2.4 - 4.8 W
(Carnot efficiency)

Exhalation 0.40 W

(1.0W) Blood Pressure 0.37 W

(0.93 W)

Breathing Band 0.42 W

(0.83 W) | Arm Motion 0.33 W

(60 W)

Finger Motion 0.76 — 2.1 mW

(6.9 - 19 mW) Footfalls 5.0 - 8.3 W

(67 W)

Fig. 1.3 Possible power recovery from body-centered sources. Total power for each action is
included in parentheses [21]

Table 1.3 Some examples of active human generation by specific movements (Activity)

Activity Power generation (W)
Finger (pushing pen) 0.3

Legs (cycling 25 km/h) 100

Hand and arm (freeplay) 21

Hand (aladdinpower) 3.6

Table 1.3 Presents some examples of generated energy with human movements.
As can be seen, the amount of power generated depends on the activity and the
moved limb

In [58] appears the idea of an energy fitness club where people could reload
their portable device while getting in shape. The conception of the pedaling work
could be used to supply different consumer electronics, Fig. 1.4 It is estimated that
10 min pedaling on a bicycle could generate 2 W and reload a mobile phone, which
is described by the authors as HUMAN POWER.

Other foot-driven generators are not based on bicycles and use a small stationary
pedal coupled to an embedded magnetic generator. A perfect example is the “Step
charger” manufactured by Nissho Engineering able to generate up to 6 W when the
pedal is vigorously pumped.

The Nissho Aladdinpower®, Fig. 1.4, is another product that uses human power.
It is a hand-powered device that supplies power to electronic devices. IT is generated
enough power to partially recharge a small battery when squeezing it for a minute.

Also, Freeplay [59] is a great example of an enterprise working in this field. This
company is solely dedicated to human powered (also called free-powered) products.
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Fig. 1.5 Examples of Freeplay products. From left to right, the Indigo Self-Sufficient LED
Lantern, a rechargeable FlashLigh and the ZipCharger ultra fast charger [59]

Some of their products are flashlights, lanterns, or portable zip-charger based on the
movement like those shown in Fig. 1.5.

The walking activity is also a source of energy. The MIT Media Lab. has
developed a full system able to harvest parasitic power in shoes employing piezo-
electric materials [60, 61], Fig. 1.6. The low-frequency piezoelectric shoe signals
are converted into a continuous electrical energy source. The first system consists
in harvesting the energy dissipated in bending the ball of the foot by placing a mul-
tilaminar PVDF bimorph under the insole. The second one consists in harvesting
the foot strike energy with a semi-flexible PZT under the heel. Both devices were
excited under a 0.9 Hz walking activity.
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Fig. 1.6 A pair of sneakers
equipped with piezoelectric
power-generating insoles and
self-powered transmitter [60]

Industrial applications could also be developed using passive power harvesting.
A nice example is the piezoelectric energy conversion at the Tokyo metro station
[59]. They expect to obtain over 1,400 kW per day thanks to the walking of the
passengers.

On the other hand, human harvesting could be also applied in biomedical and
e-health monitoring. Figure 1.7 presents the conception of ubiquitous Body-Sensor
network with external and implanted Biosensor powered by human harvesting [61].
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Fig. 1.7 Example of on-body sensor network [61]
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Fig. 1.8 (Right) Smart T-shirt by Holst/IMEC [64] and (Left) RFID tag by Verichip [65]

Some examples of Body-Sensor areas can be found in the literature and from
several companies like Toumaz [62]. An interesting one is the smart T-Shirt devel-
oped by IMEC [63] and depicted in Fig. 1.8. It is powered by the body heat and
used to monitor the cardiac activity.

This IMEC [66] invention demonstrated the integration of a wireless autonomous
sensor system in clothes. The system is fully autonomous for its entire life and
requires no service — like replacing or recharging the battery — from the user. The
shirt with integrated electronics can be washed in a regular washing machine.

The device is powered from a rechargeable battery. The battery is constantly
recharged through thermoelectric conversion of the wearer’s body heat. The
Thermoelectric Generator (TEG) is divided into 14 modules to guarantee user com-
fort. It occupies less than 1.5% of the shirt area and typically generates a power of
0.8-1 mW @ 1 V at regular sedentary office activity. However, the power increases
up to 2.7 mW at 22°C due to forced convection if the user walks indoors

Other alternative to recover energy on the body comes from the Radio Frequency
(RF) or Magnetically Induced radiations. Power radiation is a potential power reser-
voir for on-body application because lots of RF and wireless transmissions are
present in the urban environments. However, the development of electronic systems
able to collect energy from radiation sources tends to be extremely power-limited
and generally requires a large collection area or a close location to the radiating
source [10, 36, 12, 67].

Some examples of magnetically induced power harvesting in health applications
are the devices developed by VeryChip [65, 67] and Health Link [68]. Health Link
utilizes a tiny, passive microchip and a private online database that links the user to
the personal health record. It provides emergency room doctors and nurses with the
vital medical and emergency contact information, allowing them to treat the human
being rapidly, accurately and safely during an emergency. Meanwhile, Verichip has
developed an implantable RFID Tag powered by an inductive link through the skin,
Fig. 1.8.
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1.2 Biosensors

A Biosensor is defined as a “device that uses specific biochemical reactions medi-
ated by isolated enzymes, immunosystems, tissues, organelles or whole cells to
detect chemical compounds usually by electrical, thermal or optical signals” [69]. A
Biosensor that includes transducers based on integrated circuit microchips are often
referred to as Biochip.

In recent years, many types of Biosensors have been developed and used in
a wide range of biomedical and other applications. This is a fast-moving field
and it is beyond the scope of this work to perform a long dissertation about
Biosensors but it is here introduced the enormous importance and potential of these
devices.

Basically, a Biosensor could be described as faradic and non-faradaic sensors.
In faradaic Biosensors a Redox species is alternately oxidized and reduced by the
transfer of an electron to and from the metal electrode; so, a Redox-active species
is necessary. On the other hand, in non-faradic sensors no specific or additional
reagent is required. Sometimes, a non-faradaic sensor used at a single frequency of
operation is designated as capacitive Biosensor.

Thanks to the advances in Biosensors design, some of them are used in the
analysis of trace substances in environmental science, pharmaceutical and food
industries. However, the continuous monitoring mode is still a challenge for the
sensors research.

One of the earliest references to the concept of a Biosensor is from Dr. Leland
C. Clark who created many of the early Biosensors in the early 1960s [70]. He
used an “enzyme electrode” for measuring glucose concentration with the enzyme
Glucose Oxidase (GOD). The success of single analyte sensors was followed by the
development of integrated multi-analyte sensors capable of more comprehensive
analyses, such as a single instrument for glucose, lactate, and potassium detection.

Technical developments in manufacturing enabled the development of miniatur-
ized integrated Biosensors for the determination of glucose, lactate, and urea in
micro samples of undiluted whole blood or plasma. Miniaturization also allowed
additional analytical tools to be added to the Biosensor, such as chromatography or
capillary electrophoresis.

The newest generation of Biosensors includes miniaturized multi-analyte
immunosensor devices with high-throughput capabilities and more than 1,000 indi-
vidually addressable electrodes per square centimeter. These instruments can detect
analytes present in the attomole range [71]. Furthermore, modern fabrication tech-
niques such as ink-jet printing, photolithography and microcontact printing are
contributing to the development of more advanced Biosensors that will allow the
design of new miniaturized Biosensors with high-density ligands, self-contained
lab-on-a-chip capabilities and in the nanoscale range.

Current, conductivity, capacitance variations, and impedance measurements are
some of the reported ways to electrically monitor biochemical interactions. Current
research in Biosensor technology has been toward developing better transducers
to demonstrate superior sensitivity, portability, accuracy and throughput. Parallel,
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high-throughput monitoring of interactions between biomolecules is playing a
significant role in the characterization of various protein functions.

Some interesting examples of health care Biosensors are lactate, urea, choles-
terol, uric acid, DNA and inmunosensors. Lactate measurement is helpful in
respiratory insufficiencies, shocks, heart failure and metabolic disorder and to mon-
itoring the physical condition of athletes whereas urea estimation is important in
monitoring kidney functions and disorders associated with it. Determination of
cholesterol is clinically very important because abnormal concentrations of choles-
terol are related with hypertension, hyperthyroidism, anemia and coronary artery
diseases. Uric acid is one of the major products of purine breakdown in humans
and therefore, its determination serves as a market for the detection of disor-
ders associated with altered purine metabolism, notably gout, hyperuricaemia and
Lesch—Nyhan Syndrome.

DNA Biosensors have an enormous application in clinical diagnostics for
inherited diseases. Immunosensors are based on the specific interactions between
antibodies and antigens agents, and are of great interest to analyze microorganisms,
viruses, pesticides and industrial pollutants. The variations in the electronic signal
to be measured are due to the antibody-antigen (Ab-Ag) interactions.

Other well known example of application is the glucose Biosensor [72-74]
based on the electron transfer during the enzymatic reduction of glucose. In the
last years, several works have been published regarding the Glucose Continuous
Monitoring (GCM) sensor and the conception and implementation of artificial pan-
creas, like in [75] where it is presented an electro-enzymatic glucose sensor or
in [76] where a capacitive based MEMS affinity sensor for continuous glucose
monitoring applications is designed.

Rodrigues et al. [77] have developed a new cell-based biochip dedicated to
real-time monitoring of transient effluxes of glucose and oxygen with arrays of
amperometric microsensors integrated in the inlet and the outlet of a PDMS cell
chamber. More advanced and complete sensor is presented in [78] where the
design, microfabrication, packaging, surface functionalization and in-vitro testing
of a complete electrochemical Cell-on-Chip for continuous amperometric monitor-
ing of glucose is demonstrated performing some cyclic voltammetries, electrical
impedance spectroscopy (EIS) and a microscopic examinations.

The use of smart new nanomaterials is of special interest. These materials are
sensitive to chemical and biological interactions and they open the door to develop
NanoBioSensors able to deal with molecules. They can be integrated into other tech-
nologies such as Lab-on-Chip to facilitate molecular diagnostics allowing a wide
range of applications like the detection of microorganisms in various samples or in
body fluids and detection of tissue pathology such as cancer. Their portability makes
them ideal for pathogenesis of cancer (POC) applications.

Some examples related with glucose sensing and NanoBioSensors are presented
in [79, 80] where electrodes based on carbon nanotubes and nanoporus of polypyr-
role (PPy) respectively are reported to define amperometric glucose monitoring.
ZnO nanowires directly connected to the gate of a standard low-threshold MOSFET
are also used for Glucose Continuous Monitoring (GCM) as in [81].
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All previous examples are focused on using amperometric signals to detect the
desired reaction. On the other side, electro-inactive reactions like antibody-antigen
affinity binding, where no direct amperometric signal are generated, the changes
that occurs in the impedance of the bioactive film have to be measured [8§2-86]. In
[87] is introduced an antiboby-based immunosensor that used Polyaniline nanowire
bundles to transducer binding events between pathogens and their target antibodies
into variations of the conductance. The variations in the concentration of antigens
in the sample are captured as current variation across the electrodes, changing the
measured impedance. A model of the variation of the impedance in terms of the
concentration of the antigens then is used to analyze the performance of the sensor.

The electronics developed in this work is focused on low-frequency amperomet-
ric, and capacitive [88, 89] Biosensors. An amperometric sensor generates a current
when a potential is applied on the electrochemical cell, which is proportional to the
electrochemical reactions produced in the Bioreceptor. On the other hand, capaci-
tive Biosensor produces a variation on its capacitance when a reaction takes place
in the Bioreceptor. In that way, an impedance variation is produced in the electrode-
solution interface when an AC signal is applied on the cell [90], which is impedance
spectroscopy detection, at a fixed operating frequency.

This means that an amperometric sensors gives the electrochemical informa-
tion by modulating the current through it, whereas, capacitive sensors gives the
information by modifying the sensor impedance.

There are many examples of Biosensors and the interaction with the control
and processing electronics. Some hybrid and monolithic integrations can be found
in the literature for in-vivo or in-vitro applications like microelectronic pills [91],
miniature wireless biopotential recording system [92], multichannel neurotransmit-
ter sensing circuits [93], CMOS sensor interface arrays for DNA detection [94] or
CMOS Lab-on-Chip [95].

The novel system presented further on is able to characterize the sensors thanks
to a cyclic voltammetry and amperometric measurements in order to detect the vari-
ation of concentration of a specific agent. Also, the electronics explore the capability
to define an impedance analysis (ELS) through an integrated lock-in amplifier.

1.2.1 Three Electrodes Biosensors

It is important to analyze the definition of the number of necessary electrodes when
working with Biosensors. A basic electrode sensor is formed by two electrodes
(Reference (R) and Working (W) electrode). The measurement is usually done by
applying a voltage signal between them (Vrw) when they are inserted in a chemical
environment. At the same time, the current across them is measured. The voltage
Vrw must remain invariable during the measure to achieve a reliable measurement.
Unfortunately, the polarization of the electrodes varies due to the current circulation
across them, nullifying the measurement. This problem could be solved including an
extra electrode (Auxiliary (A) or Counter (C) electrode), which provides the supply
current to the working electrode, so no current flow through the reference electrode.
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The three electrodes configuration is usually adopted. The three-electrodes are:
a) the working electrode (W), which serves as a surface on with the electrochemical
reaction takes place; b) the reference electrode (R), used to measure the potential at
the Wg, and c) the counter electrode (C), or also called auxiliary electrode (A), has
the role to supply the current required for the electrochemical reaction at the W.

The three electrodes topology provides greater stability and reliability than a
two electrodes topology. It avoids the polarization of the reference electrode and
hence, it is a constant voltage supply between the reference and work electrodes. It is
very important that the voltage between the reference and working electrodes (Vrw)
remains equal for every working conditions being independent of the environment
in order to be able to do an accurate measurement and a correct study. A detailed
introduction to 3 electrodes sensors is done in Chapter 3.

Several factors contribute to the current generated by the sensor [96], but the size
of the working electrode is one of the most important ones. The amount of current
generated takes considerable importance in how works with the sensor and the elec-
tronics. If the size of the electrodes is decreased, defining microsized electrodes, the
current level could decrease to femtoamperes

1.3 Circuits for Three Electrodes Biosensors

Electronic measurement of the biochemical concentrations is essential for diseases
diagnosis and study of biological systems. Taking into account that the conception of
the system is based on the use of 3 electrodes sensors, the electronics are developed
following this premise.

The electronics circuit known as “Potentiostat” is basically in charge to man-
age the sensor and the techniques used to characterize the sensor like the
Electrochemical Impedance Spectroscopy (EIS) or Cyclic Voltammetry (CV)

1.3.1 Potentiostat

It is the key component when working with three electrodes Biosensors. It can be
configured in two modes (a) the potentiometric configuration, where a fixed current
is applied and the output voltage is measured, or (b) the amperometric configuration,
where a fixed voltage is applied and the output current is measured through a current
measuring system, for instance, a Transimpedance amplifier (TIA).

The design of a potentiostat varies from discrete to mixed and full-custom ASIC
designs. The definition of the adopted solution is given by the size of the sensor and
complexity of the system. For electrodes areas greater than 1 mm? just electron-
ics based on low-cost surface mount components can be adopted but, for smaller
and multiplexed solutions, full-custom ASIC solutions appears as a valid approach.
Furthermore, the conception of an ASIC interface near the electrodes is motivated
when very low current levels are derived from the sensors. Other key aspects to use
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an ASIC solution near the electrodes are, a part of the degree of miniaturization: a)
EMI can be reduced; b) External disturbances like vibrations, moisture, sources of
electrical noise, etc. .. are avoided.

Some references are described in Choi Myung-suk et al [89] in their work
“Implantable Bio system design for displacement measurement of living life” or
in the work by K. Kitamori [90], where he described micro and nano chemical sen-
sors on-a-chip. Other interesting Biosensors are the piezoelectric immunosensors,
like the one developed for the rapid diagnosis of M. tuberculosis by Eric Carnes
et al [92].

Several references related the use of ASIC designs and Biosensors are presented
in [97, 98] and [99], which introduces a low power readout circuit with a potentiostat
amplifier for amperometric chemical sensors in Glucose Meter Application.

A basic potentiostat is divided in two parts: 1) the control and 2) the measure
(TTA) and post-amplification circuitry. The control circuitry is used to maintain a
constant voltage across the R and W electrodes. On the other hand, the TIA stage is
in charge of detecting the current generated in the reaction.

One of the most used potentiostat architecture is depicted on Fig. 1.9 where it is
also depicted one of the most usual electrical model for electrochemical cells [100],
the Randles RC model. This simple and compact architecture is interesting for ASIC
implementation [101-103] and to develop applications with multi-working sensors
because the current is measured independently for each sensor with a dedicated
read-out circuit.

This structure is based on four operational amplifiers (Opamp), and two resis-
tors. OP4 is the Transimpedance (TIA) amplifier, which defines the virtual ground
voltage of the W electrode and provides current-to-voltage conversion such that,

Fig. 1.9 Schematic view of the Biopotentiostat amplifier with the electrochemical electrical model
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where Iy is the current through the cell and Rtyp the gain resistance defined in the
Transimpedance amplifier.

OP3 is used to ensure minimal current flows through the reference electrode and
to sense the voltage difference between the R and W electrodes. This difference is
compared with the desired Vj, by OP2 in order to drive properly the counter (C)
electrode and to maintain controlled the Vrw voltage.

The architecture in Fig. 1.9 is the selected one to design the implantable

electronics and it is explained in detail in Chapter 3.
The previous potentiostat architecture uses a classical Transimpedance amplifier
configuration to detect the current. In order to solve the frequency bandwidth lim-
itations associated with the standard TIA, other options could be studied for the
analogue readout of the signal like the ones presented in Fig. 1.10. This converter
is based on an integrator-differentiator scheme to combine low-noise and wide
bandwidth with two simultaneous outputs.

A high speed output (V) amplifies the input current by the capacitive ratio
C4/C;i and converts it into voltage by the resistor R;. Differently from a standard
Transimpedance amplifier, where the I — V conversion is set by a feedback resis-
tor, whose value is necessarily large also for having low noise at the expense of a
dramatic drop of the bandwidth, in this solution the current amplification is set by
means of capacitors, noiseless components, and allows a small value of R;, without
affecting the overall noise performance.

The bandwidth is largely increased, and is set by the integrator loop-gain to
the value BW = GBP-(C;i/(C; + C.)) where GBP is the gain-bandwidth product
of Opampl1 and C; is the input capacitance on the input node.

Since a DC input current would saturate the integrator stage, an active feedback
has been added to continuously convey the DC input current into a proper sink
(resistor Rqc). The Low Pass Filter (LPF) in the feedback branch must be designed
as an active filter with high gain in the very low frequencies and a very strong
attenuation for higher frequencies.

The use of an Instrumentation Amplifier (IA) is also a widely used alternative
if just one working electrode is going to be used. It adds an extra resistor (R,) in
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Fig. 1.11 Instrumentation
amplifier stage - Vo
Ra IA
+
Auxiliar
Instrumentation
Zr Amplifier
Reference
Zw
Working

series with the Counter electrode to detect the current, Fig. 1.11. In that way, the
Working electrode is physically connected to ground and not to a virtual ground as
in the previous Transimpedance solution.

1.3.2 Discrete Potentiostat Approach

The architecture in Fig. 1.9 has been selected for developing the CMOS implantable
instrumentation, although the structure has been previously validated and tested
through a discrete implementation before the IC design. A first discrete proto-
type has been implemented for O monitoring in environmental applications. The
derived electronics were also used to validate the merge of these electronics with
the electrodes in the conception of an encapsulated device.

This development combines a fluidic channel device integrated with the elec-
trodes and the electronic system for oxygen monitoring in water to form a disposable
device.

Dissolved oxygen concentration (DO) is an important index of water quality and
the ability to measure the oxygen concentration and temperature at different posi-
tions and depths would be an important attribute to environmental analysis. The
decrease of oxygen concentration in water is a clear indication of water pollution,
which is one of the main concerns of the Water Framework directive in the European
Union [104]. Moreover, in other topic, the detection of O2 concentration in blood
plasma has several interesting applications including the oxygen monitoring during
open-heart surgery [105].

This discrete system is based on sensors and electronics forming one module
as is depicted in Fig. 1.12. The discrete PCB potentiostat amplifier is coated with
PDMS and fully characterized through several Cyclic Voltammetries. The PCB was
tested before and after its introduction into water

The custom electronics, which includes a small printed circuit board (PCB), has
a size of 31 mm x 21 mm. The power consumption of this first implementation is
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Fig. 1.12 PCB capture coated with PDMS

around 350 mW using the Texas Instrument commercial amplifiers OPA 656 and
OPA 657, which acts as a Transimpedance amplifier. These amplifiers were selected
for their good characteristics in terms of high input impedance, low bias and offset
input currents and voltages.

The obtained results are compared with the ones obtained with the commercial
instrument CH 1232A (CH Instruments ®). Figure 1.13 shows some voltamme-
tries obtained analyzing tap water with high concentration (Region A) and low
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Fig. 1.13 Voltammograms obtained with the CH instrument and with the PCB for TAP water in
ambient conditions and with nitrogen
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concentration of O, (Region B). The more negative current peak around -1 V shown
in Region A comes from a sample of water that has been exposed to ambient air.

On the other hand, the less negative peak on Region B is obtained for a water
sample bubbled in nitrogen to remove the oxygen. As can be observed, the per-
formance of the custom potentiostat is demonstrated obtaining measurements very
close to the commercial one; hence, it is possible to detect several concentrations of
O, with the discrete full-custom design.

The development of this discrete prototype has been used to acquire background
knowledge and to observe problems when working with electrochemical sensors
before proceeding with the design of implantable system presented in Chapter 4.

1.3.3 Lock-In Amplifier and Complex Impedance Detection

Regarding the electrochemical characterization of the Biosensors, the signal pro-
cessing of the obtained measurements by the electrochemical impedance spec-
troscopy technique, defines a circuitry that has the role to obtain the real and
imaginary components of the measurement of the Electrochemical Impedance.

EIS [106] is an AC method that describes the response of an electrochemical
cell to a small amplitude sinusoidal voltage signal as a function of frequency. The
resulting current sine wave differs in time (phase shift) with respect to the perturbing
(voltage) wave, and the ratio V(t) / I(t) is defined as the impedance (Z), and accounts
for the combined opposition of all the components within the electrochemical cell
(resistors, capacitors, inductors) to the flow of electrons.

In an electrochemical cell, electrode kinetics, Redox reactions, diffusion phe-
nomena and molecular interactions at the electrode surface can be considered
analogous to the above components that impede the flow of electrons in an ac cir-
cuit. The simplest electrical model is based on an equivalent RC circuit so called a
Randles circuit [100].

Based on the nature of the measured signal there are two main approaches:

e the Capacitive sensors where the surface of the electrode is completely covered
by a dielectric layer and the whole electrode assembly behaves as an insulator.
The variation of the capacitance is measured, in frequency ranges up to 100 kHz.

e and the faradaic sensors. In this case the surface of the electrode, which is par-
tially or wholly covered by a non-insulating or insulating layer, is able to catalyse
a Redox activity that exists in the solution. In this case, the measured parameter is
the charge transfer resistance (the real component of impedance at low frequency
values, typically 0.1-1.0 Hz).

In order to proceed with the signal processing there are mainly two approaches: (1)
the Fast Fourier Transform (FFT), and (2) the Frequency Response Analyzer (FRA).
In the case of the FFT, a pulse or a step is applied to the sample because it contains
wide frequency content. Then, the response of the sample is digitized and processed
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in a digital processor and the different frequency components are obtained for their
analysis using the FFT algorithm. Also, other possibility that could be followed
is the logarithmic sampling in the DFFT calculus, reducing the data that must be
required in the process.

A simpler solution is based on the FRA approach. In this case a sine and cosine
signals are adopted and using two multipliers and a filter stage the real and imagi-
nary components of the response are obtained. This measurement must be done for
each frequency to obtain the full EIS characterization of the Biosensor. Working
with just one sensor and in terms of the size of the final product, the FFT option
could be adopted, because the response for several frequencies is obtained.

The FRA solution is more oriented to multi-sensor approaches but, also in the
case of single sensors, it is a nice option in terms of complexity and speed for not
too low frequencies. This FRA or Lock-In approach is more feasible and it is an
interesting solution when just the impedance must be obtained at a fixed frequency
of operation.

The perturbation signal provided by the instrumentation system — following the
FRA approach — generally use a sinus wave as the input voltage. In this work a
low-voltage integrated CMOS lock-in amplifier, Chapter 3, is analyzed as a method
to measure the impedance value of the sensor. Typically, a Lock-In amplifier is
used to increasing the Signal-to-Noise ratio of the system by synchronizing the
output signal to the input signal at a known frequency; i.e., the frequency where
the sensor has the best sensitivity response filtering the other frequencies and
noise.

Some examples of FRA and Lock-In implementations can be found in the lit-
erature. In [107] a fully CMOS lock-in amplifier is proposed in the field of gas
sensors that works at a fixed operating frequency. In [108] is derived a more com-
plex lock-in amplifier for electrical bio-impedance analysis for implantable medical
devices. There, the pulse signals used for the synchronous demodulation channels
are modified by specific dead times so, the error in the magnitude and phase is
reduced.

Reference [100] describes this technique as a very powerful tool for the analysis
of complex electrochemical systems and how can provide a valuable and complete
description of the electrode process. Following this idea, a theoretical analysis and
design of a CMOS Lock-In amplifier for bio Impedance detection is carried out in
Chapter 3.

1.4 Contribution of this Book

The main objective of this book is the conception of a generic Self-Powered CMOS
Front-End Low-Voltage Low-Power integrated device that would be the main part
of a subcutaneous device for biomedical applications [109-116]. At the end of this
work, a prototype device would be implemented able to manage the information
coming from a 3 electrodes amperometric sensor.
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The devices, designed as a subcutaneous implant (small dimensions), will vali-
date the conception of Implantable Biomedical event detector able to discriminate
several specific concentration points of the analyzed substance for that reason
the design and conception of the CMOS based implantable architecture has been
divided into three parts:

the design of a powering system for the electronics,

. the development of the integrated sensor instrumentation, post-processing and
communications,

3. and the design and validation of the implantable detection prototype.

D=

The powering scheme is an important aspect since the device is located under
the human skin and the use and maintenance of batteries or conventional energy
sources is a drawback. Moreover, to develop a self powered subcutaneous device,
an appropriate alternative is to design a system that recovers energy from the
environment.

Following this alternative, an specific novelty IC circuit called MHPC (Multi
Harvesting Power Chip) has been designed to solve the power problem regard-
ing the subcutaneous ambient of application. It is able to recollect energy from
several ambient sources (vibrations, light, EM waves) in the range of mW and to
power some low power applications focused on on-body applications. However
the MHPC is originally oriented to on-body applications, it could be also used
in different type of applications such as main power source in distributed sensor
networks.

Basically, the designed MHPC power management is designed to

assure a high efficiency low-power energy conversion,

combine several energy sources with the same power management unit,
low-power consumption,

and occupy a small size and package.

The second part develops a “BioChip” with the necessary instrumentation and post-
processing circuits to work with the three electrodes sensors. This IC integrates
the potentiostat to drive and obtain the information from the sensor and the post-
processing electronics to detect several values of concentrations.

Low-power circuits have been implemented to design the instrumentation and to
avoid power consumption higher than 1.5 mW. In that way, it is possible to reduce
damages under the human skin due hot spots. Furthermore, the theoretical and sim-
ulated design of a lock-in amplifier to detect complex impedance in Biosensors is
also described as a part of the post-processing.

Finally, an ASIC based Self-Powered implantable device prototype is fabricated
to validate the novel generic architecture for In-Vivo even detection with amper-
ometric Biosensors. The prototype is based on two IC’s sharing the same PCB
substrate.
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The MHPC chip will harvest the energy from an inductive link through the
human skin and will generate the necessary on-chip voltages to drive the BioChip
circuits. On the other side, the BioChip will drive the sensor and will deal with the
post-processing to detect the desired concentrations. Moreover, the inductive link is
also used to transmit the detected concentrations to an external receiver in the other
side of the skin.

The design of the MHPC can be also oriented to work as a main power source
to develop a Global (implantable) Application where the external device (or recep-
tor) is also powered through harvesting sources [117, 118]. Figure 4.14 shows the
conception of a Global Implantable Application where all the involved electron-
ics (external and internal) are fully self-powered using the MHCP. Furthermore, in
the future, the MHPC could use newer implantable power sources (Mecatronics,
Fig. 4.14) to drive the subcutaneous device.

In short, this book presents novel low-power architecture for portable subcuta-
neous detection device powered through the energy harvesting concept. Thereby,
the development of this kind of implantable and portable detectors represent a step
forward in the biomedical diagnosis and detection devices evolution as it is illus-
trated in Fig. 1.15. Moreover, this work is the perfect link between the development
of biomedical subcutaneous devices and the use of alternative energies, two of the
major emerging research fields, and demonstrates that the development of complex
biomedical detection systems could be completely self-powered.

Global Self-Powered
eCh anlcal
Vibrations

Application
=

Receiver
Circuit

: : QOutside
: Inductive Link : Human SKIN
: [(oawee | Inside

Mechanical il
Vibrations

Ultra [e—
Sound

Mecatronics

MHPC [S=N ‘.BioSensors

Fig. 1.14 Conception of the proposed global implantable subcutaneous application where
implanted and external electronics are self-powered (autonomous). The dotted line represents the
work covered in this book
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Fig. 1.15 Pyramid with the evolution of biomedical diagnosis equipment

1.5 Outline of the Book

This book is divided in three main chapters. The first one, Chapter 2, develops the
Multi Harvesting Power Chip (MHPC). On it, all circuits used to recollect energy
from several ambient sources are theoretically and experimentally described and
validated. Finally, the whole chip is tested working with all circuits collecting energy
form more than one source at the same time.

On the other hand, Chapter 3 is focused on the development of a BioChip with the
integrated instrumentation to work with three electrodes amperometric Biosensors.
First of all, it is introduced the conception of three electrodes Biosensors and how
they work. Voltammetry, EIS and amperometric techniques are also introduced to
the reader.

The potentiostat architecture is clearly explained and experimentally tested using
a real substance. The obtained results with the full-custom approach are compared
with the ones obtained using a commercial potentiostat. In that way, the correct
operation of the designed instrumentation is fully validated.

Furthermore, this chapter explains the conception of a Lock-In amplifier circuit
used to detect the real and imaginary parts of the complex impedance coming from
the Biosensor. This circuit is theoretically explained and some simulated results are
shown. It is also introduced on this chapter the conception of Biotelemetry or how
to transmit information from the subcutaneous device to the external reader. Then,
the implemented protocol in this work is detailed.

Chapter 4 finally describes the design and conception of the Self-Powered CMOS
Front-End architecture for Biomedical Subcutaneous Devices. All circuits are pre-
sented in detail as well as the powering through an Inductive link. The power and
communication antenna as well as the connections between the MHCP IC, the
BioChip IC and the sensor are also explained.
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The results obtained with the final capsule prototype with a size less than
4.5 cm x 2.5 cm are shown and commented in detail. It is analyzed the problems
regarding the misalignment between the internal and external antennas. Finally, the
prototype has been validated as a detector. To conclude with the book, Chapter 5
presents the conclusions and possible future options that may arise from this
work.
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Chapter 2

Energy Harvesting (Multi Harvesting
Power Chip)

Abstract There is a growing interest in renewable energy and their applications
for both, high and low power systems. Specifically, Energy Harvesting consists in
the use of free available energy from the environment, vibrations, heat, light, radio
waves or human activities, to power small electronic systems with Low-Voltages
and Low-Power consumption. The challenge is to avoid the use of any bulky bat-
tery with finite amount of energy and just work directly with the harvested energy
and a rechargeable storage element. At that point, Energy Harvesting generators
are a promising alternative to generate energy from environment sources and power
some applications. Moreover, the use of these generators, with infinite amount of
energy, allows the development of autonomous Self-Powered applications. This
chapter discusses the development of a real power system based on the recollected
energy from several ambient sources. A system able to collect and manage energy
from four different power sources, solar light, vibrations, thermal and inductive
waves is introduced. Furthermore, the conception is validated with a full-custom
Integrated Circuit (IC). Later on, a comprehensive description of all circuits involved
in the Multi harvesting system is done; emphasizing the design for Low-Voltage and
Low-Power applications.

Keywords Electric power generation - Energy scavenging - Low-power
electronics - Power conditioning

2.1 Multi Harvesting Power Chip (MHPC)

MHPC consists on a simple Integrated Circuit (IC) able to harvest energy from
different ambient sources and deliver this energy into usable electrical form [1, 2].
The proposed architecture is presented in Fig. 2.1.

The system is able to collect energy from three different ambient sources:
Solar (SC), Mechanical Vibration (PZT) and Thermoelectrical energy (HEAT).
Furthermore, it is also possible to recollect energy from an Inductive power link
(MI). All the energy obtained from these four sources is then transformed into
electrical energy and stored in one or more storage devices (SD).

J. Colomer-Farrarons, P.L. Miribel-Catala, A CMOS Self-Powered Front-End 37
Architecture for Subcutaneous Event-Detector Devices, DOI 10.1007/978-94-007-0686-6_2,
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Fig. 2.1 Multi Harvesting Power Chip (MHPC) architecture

The objective is to combine all the energy sources at the same time [3—12]. In that
way, all individual energies are added with the other ones obtaining a summation
of energies. Moreover, this multi-power source scheme is very robust against power
failures due to the nature of their conception; MHPC uses several independent power
sources in one IC and, when one or more doesn’t work properly, the system still
produces energy thanks to the other sources. Each power source uses its own energy
conditioning circuit, in that way, all the sources can work together, in parallel and at
the same time.

There are two operation modes when working with MHPC. The first one consists
on using just a Single Storage Device (SSD) shared with all sources. The second
mode consists in the use of each source regardless of the other ones. In that mode,
it is necessary to use Multiple Storage Devices (MSD), one for each source. Using
the second mode it is possible to power more than one independent load at the same
time, whereas using the first mode, it is possible to collect more energy in the storage
device but only power one common load.

Another important aspect consists in controlling the stored energy and how to
transfer it to the load. Basically, the MHPC introduces a control module that man-
ages this situation. In an SSD operation mode, the control senses continuously the
voltage at the storage element and, when there is enough voltage, the load is con-
nected. At that point, if the voltage decreases till a minimum value, also controlled
by the control module, the load is disconnected. This methodology is explained in
detail in Section 2.3.3.2. On the other side, in MSD mode, it is possible to integrate
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one individual control module for each source or just connect directly the source
with the load.

Regarding the control module and the conditioning circuits, it is logic to assume
that a low power consumption design is mandatory. Since a Multi Harvesting Power
Chip is a Self-Powered device and focused on low-voltage applications, a low con-
sumption is mandatory for all circuits in order to obtain good efficiency values. This
statement implies that non-complex power management circuits with low power
architectures and circuits have to be specifically designed.

A full custom IC has been designed to validate the MHPC conception. The
designed system is able to work with three different sources: Solar Energy (SC),
Mechanical Vibration (PZT) [13] and Magnetic Induction Link (MI). The imple-
mented integrated modules are colored in gray in Fig. 2.1 (Thermoelectric Source
is not integrated due to area limitations; the integration of an autonomous effi-
cient DC/DC step-up converter, which is needed for such type of sources, like
a Charge-Pump implies high area space. Anyway, the validation can be done
without it.)

The device implements both operation modes: SSD and MSD. Signals M1-M4
control the connection of each power source. A control module is included in order
to work in SSD mode. It is based on the Simple Control Module architecture pre-
sented in Section 0 and modified to work between 1.2 Vand 1 V (1.2 V is the LDO
regulated voltage). The adopted control option in Multiple Storage Device (MSD)
mode is just to connect directly the load with the source. Figure 2.2 depicts the final
IC layout.

The IC has been tested with the Demo-Board presented in Fig. 2.3. Six solar cells
XOB17 from IXYS [14] are used to harvest solar energy. Each one of them could
be connected with the others using a serial or parallel connection. Each solar cell
produces 1.5 V and 11 mA in the Py, point. An electrical model of the solar cell is
presented in Section 2.2.1.

Several Piezoelectric transducers are used to handle with the mechanical vibra-
tions. The main tests were done with two piezos from Mide. Tech®: QP20W
and QP40W [15]. The models and main features of all those piezoelectrics are
obtained from [16, 17] and the original datasheets. Section 2.3.1 introduces the
models used in the simulation. A detailed explanation of piezoelectric modeling is
out of the scope of the present work. More accurate information about piezoelectric
transducers modeling can be found in [10, 18, 19].

Regarding Magnetic Induction link, a planar rectangular antenna (Inductor) of
30 mm x 15 mm is added to the board in order to work as a secondary antenna.
It has three turns, a conductor width of 1 mm and an inductance of 220 nH. It is
tuned to work in the RFID range of 13.56 MHz. A Texas Instruments TRF7960
[20] is used as primary source. A model of the Inductive Link as well as the sec-
ondary inductor can be developed following the procedures introduced in [21, 22].
A simple introduction to inductive link modeling is done in Section 2.2.1. For more
information just refer to references.

Table 2.1 shows the main features of the MHPC in terms of its electrical char-
acteristics. These are the minimum and maximum voltages and currents available
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Fig. 2.2 Multi Harvesting Power Chip (MHPC) IC layout

for this prototype for the three considered types of powering source: vibration based
on piezoelectric generators (Pzt), light based on indoor solar cells (SC) and, finally,
electromagnetic induction (RF). On the other hand, Table 2.2 presents the electrical
features of the prototype for the MSD mode, which is that every powering source
has its own storage device, or the SSD mode, where the three powering channels
share the same storage device, which can be a super capacitor. In our case, as a test
approach for Fig. 2.18, a capacitor of 47 wF was used.

Finally, Fig. 2.4 illustrates the working principle of the MHPC operation in SSD
mode, one Storage Device shared with all sources. The current used to charge the
Storage Device (SD) is depicted and how it increases or decreases depending on the
number of activated sources.

The voltage at the SD is regulated at 1.2 V. The maximum current flowing
to the SD is 5 mA when the three sources, Solar (SC), Piezoelectric (PZT) and
Inductive Link (MI), are working together. This particular test is done with the
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Fig. 2.3 MHPC demo board

Table 2.1 MHPC Input pins maximum electrical features

Symbol Parameter Min Max Units
VINPZT Input voltage piezo +1 +25 Vac
Iny PZT Input current piezo - 5 mA
Vin SC Input voltage solar cell 1.3 2.5 Vdc
Iinv SC Input current solar cell - 10 mA
Vin MI Input voltage induction +1.3 +25 Vac
Iin MI Input current induction 10 mA

operation freq. up to

25 MHz

Table 2.2 MHPC Output pins maximum electrical features in function of the operation mode

Symbol Parameter Min Max  Units
MSD mode Vour PZT Output voltage 1 2.5 Vdc
Iout PZT Output voltage - 10 mA
Vour SC Output voltage - 1.2 Vdc
Tout SC Output voltage - 10 mA
Vour MI Output voltage - 1.2 Vdc
Toutr MI Output voltage - 10 mA
SSD mode Vour Output voltage 1 1.2 Vv

Tout Output voltage - 20 mA
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Fig. 2.4 MHPC storage device current evolution in function of the energy sources

QP40W piezoelectric working at 1 m/s2 — 80 Hz, 2 IXYS solar cell at indoor light
condition of 1,500 Ix and the RF link generator TRF7960 emitting at full-power
(200 mW).

The following sections explain in detail the circuits used in the development of
the integrated Multi Harvesting Power Chip. Figure 2.1 also indicates the section
number where each module is explained.

2.2 Solar and Inductive Power Harvesting

This section explores the management of the energy provided by the wireless power
link and by the energy generated by solar radiation [23]. As it is well known, the
solar energy can be collected using photovoltaic cells or panels [24]. Those cells
generate an unregulated DC voltage when light falls on them so, a DC regulator is
necessary to stabilize the voltage. On the other side, an inductive power link gener-
ates an unregulated AC voltage at the secondary side of the link. This means that a
rectifier is firstly necessary to generate an unregulated DC voltage and then, the DC
voltage has to be regulated.

It is also possible to introduce an extra stage in the solar cell power scheme to
increase the efficiency of the solar generator. This stage tries to work continuously
in the Mpp (Maximal Power Point) of the solar cell. That module is not implemented
in the present work because it is well solved in the literature; there are several good
low-power approaches to implement this kind of stages like in [25].
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Both power schemes are depicted in Fig. 2.1 and, as can be observed, they use
the same regulator (LDO). The adopted regulator is based on the design of a Low-
Dropout linear regulator [26, 27] because it presents a good trade-off in terms of
conversion efficiency and power consumption. A discussion of the LDO conception
and design is done in the following of this chapter. Moreover, the design of a precise
Bandgap voltage reference circuit is also presented. This circuit has an important
role on the LDO operation and, even, in the circuits discussed further on.

2.2.1 Solar and Inductive Models

2.2.1.1 Solar Cell Model

A solar cell can be easily described as a large area semiconductor diode (P-N junc-
tion) able to convert into electrical current the energy of the incident light (energy
of photons) thanks to the photovoltaic effect [28].

The basic equivalent circuit model of a solar cell is formed by a diode (D) and
a current source (I) connected in parallel. The current source is proportional to the
light radiation whereas the diode represents the P-N junction.

Moreover, two resistors, one in series (Rg) and other in parallel (Rp), could also
be introduced in order to take into account the imperfections of the solar cell. Rg
resistance is needed because a solar cell is not a perfect conductor and Rp models its
internal leakage current [29]. In an ideal cell, it is logic to assume Rg = 0 and Rp =
oo. Sometimes an extra capacitor (Cy) is added to simulate the parasitic capacitance
of the junction. Figure 2.5 presents a solar cell model.

A solar cell can also be described with its I-V waveform. Figure 2.6 presents
the I-V characteristics for a solar BIT from IXYS [14]. The generated current and
voltage varies in function of the light conditions although it is important to describe
three quantities:

e Open circuit voltage (V,c): The voltage between the terminals when no current
is flowing (infinite load resistance).

e Short circuit current (Ig.): The current when there are a short-circuit in the
terminals (zero load resistance).

e Maximal Power Point (Mpp): Point of the solar cell when the maximum amount
of power is produced.

The IXYS XOB17 solar cell is used in that work as a solar generator. It is a
high efficiency indoor / outdoor Monocrystal silicon solar cell mounted in a smd

| D1 I Rs *
31__;25 = —_— Vsc
Fig. 2.5 Solar cell model and sc C1 Rp

symbol —
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Fig. 2.6 1-V characteristic for a solarBIT from IXYS [14]

Table 2.3 IXYS XOB17 electrical characteristics (3 solar cells in series)

Symbol Parameter Value Units
Voc Open circuit voltage 1.89 \%
Isc Short circuit current 12.6 mA
Vwmpp Voltage @ MPP 1.53 v
Ivpp Current @ MPP 11.7 mA

mechanical package (22 mm x 7 mm x 1.6 mm) formed by three XOD17 solar
cells dies. It presents an efficiency of typically 17% and the characteristics of
Table 2.3.

2.2.1.2 Inductive Power Link Model

Wireless Power Link, also known as Wireless Power Transmission, is the way to
transfer energy, so it is the manner to transfer electricity through an electromag-
netic field [30, 31, 32, 33]. There are several types of Wireless Power Transmission,
radiative [34], conductive [35], capacitive [36] and inductive but, this work is only
focused on Inductive Power Transmission.
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Fig. 2.7 Inductive power 5 S pimiy il e 3

i i I +
link model and secondary coil : Rs2 M1 Tl
symbol | . = |
L1 =L C2 !
s T T e i

Primary Coil  Secondary Caoil

An Inductive Link is mainly composed by two coupled coils, Fig. 2.7, one works
as a primary or transmitting coil (L), where the power is injected and emitted, and
the other works as a secondary or receiving coil (Ly), where the total or a partial
part of the emitted power is received.

The transmission principle consists in injecting an AC current through the pri-
mary coil generating an AC magnetic field. The secondary coil then recovers this
magnetic field, or just a portion of it and an electromotive force (emf) is generated,
which is used as a voltage source by the load connected to the receiving coil. This
transmission method is also named transcutaneous energy transfer system [21] when
the links is used in human implantable devices.

Moreover, inductive transmission presents some advantages if one of the possible
applications is focused on the human body and implantable electronics. It is the best
solution to develop a near field link [21] in the range of 1-15 MHz [36, 37] to
transmit energy through the human skin. This range of frequencies assures minimal
losses due to the power absorption of the skin and since the coils are coupled and
tuned to work specifically at one frequency, the electrical drifts are minimal [22] to
the surrounding biological area.

The secondary coil usually works in resonance to increase the link efficiency
and to be selective with the used frequency. The resonance is achieved by adding
a capacitor in series or parallel to the secondary coil. If the link uses a parallel-
resonance secondary coil, it works as an output voltage source, whereas the series
one operates as a current source.

The designed coils work in parallel resonance by adding an extra capacitor (C,)
as it is depicted in Fig. 2.7. Parallel resonance presets better performance for high
loads than the series one. Furthermore, the parasitic capacitance of the secondary
coil (Lp) is absorbed by the tuning capacitor. The resonant frequency of the L-C
tank, no load connected, is defined by Eq. (2.1).

1
VLG

wideal — (2.1)

This equation is used to calculate the tuning capacitor for a specific given frequency.
It is important to notice that the resonance frequency is modified when the load is
connected to the secondary coil as it is described in Eq. (2.2). As a result, for low
load values, high current, the resonant frequency is widely modified, hence low
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efficiencies. So, the parallel resonance secondary circuit is suitable to be used with
large loads [21].

1 1
Real
w = — 2.2)
: VL Co \/R

2 2
Load C2

The coupling factor k between coils is another important parameter to take into
account. The power link efficiency is mainly dominated by k. Horizontal and verti-
cal misalignments as well as large distances between both coils affect the coupling
factor reducing the efficiency of the link. The total link efficiency expression for
secondary parallel resonance is given by

K010,
= Ql 2
1+ —+k R
< + WCoRT + Qle) WC2Roaa + Q1) 2.3)
wlq wly
Or=——; O =—
Rs1 Rs>

where Q; and Q are the quality factor of the primary and secondary coils respec-
tively. The efficiency is independent regardless if the primary coil is tuned or not.
The maximal efficiency is obtained for

NMAX — 02 2.4)
Load
(1 i k2Q1Q2> wCs
Then, the maximal link efficiency is just substituting Eq. (2.4) in Eq. (2.3):
20102
NMAX = (2.5)

(1+1 +k2Q1Q2>2

A rectangular coil has been designed in a Printed Circuit Board (PCB) in order to
work as a secondary coil for harvesting applications (Fig. 2.3). It is tuned at the
RFID frequency of 13.56 MHz. A Texas Instruments TRF7960 is used as primary
source. Table 2.4 summarizes its main characteristics.

An accurate description and a calculation methodology to develop an inductive
link for harvesting and implantable devices can be found in references [21, 22]. In
the same way, references [38, 39, 40] explain several options to design different
types of coils.
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Table 2.4 Rectangular coil characteristics

Symbol Parameter Value Units
L Secondary coil 220 nH
Cy Parallel capacitor 620 pF
Rs2 Secondary series resistance 310 mg2
f Resonance frequency 13.56 MHz
N Number of turns 3 -
Ccw Conductor width 1 mm
SUB Type of substrate FR4 -
LxW Dimensions 30 x 15 mm

2.2.2 LDO Regulator and Bandgap Reference Circuit

The implemented Low-DropOut (LDO) regulator architecture is presented in
Fig. 2.8. It is formed by one Switch, one Error Amplifier (EA), a voltage Bandgap
(BG) reference circuit and the close-loop resistors (CLR) used to regulate the out-
put voltage. It is designed to generate a nominal regulated voltage (VReg) of 1.2 V.
Generally, the regulated voltage is defined by the CLR as:

Ry
VReg = Vg | 1 + — (2.6)
Ry

The selected switch is a PMOS transistor [41]. An NMOS switch implies positive
voltages to drive its gate and the signals generation becomes difficult when working
at low voltages. The low voltage control and low dropout voltages of the PMOS
transistor are perfect for this application.

The design of the LDO has to follow these two main constrains: the lowest con-
sumption and smallest area as possible. The consumption depends on the power
dissipation of the internal circuits like the current source, the voltage reference cir-
cuit and error amplifier. In terms of area, it is logic to assume that the smallest area
as possible is the desirable solution to integrate the LDO in a system like MHPC.

VIN VReg
L2 1 ppvos switch

1

STl

RS B |

LOAD|

LR
ViN g Ri1

R2

o RESR

Fig. 2.8 LDO regulator :
architecture A4
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It is also important to take care with the DC load currents. They can vary from the
ground current, defined by the minimum current used by the LDO circuits, around
20 A, and the maximum load current condition defined as 10 mA. Furthermore,
the load current variation plays an important role in the stability. The LDO has to be
stable in all the DC load current range.

Taking into account the stability issues and the power and area constrains the
LDO has been designed following the idea of a compensation by an external dom-
inant pole [42, 43, 44]. This means the LDO will use an off-chip capacitor (Cr) to
guaranty the stability for all load conditions.

To analyze the stability it is important to evaluate the position of the poles and
zeros of the LDO. The generic LDO has three poles in its frequency loop transfer.
The first pole (Py) is basically defined by the output resistance of the switch, the load
resistance and, the series resistance (Rgsr) of the output capacitor Crpoap, Fig. 2.8.

The second pole (P3) is related with the gate capacitance of the PMOS switch
and the output resistance of the Error Amplifier (REA). The first pole, Py, is the
dominant one. This pole has the characteristic that varies depending on the load
current level in low frequencies range. Finally, the ESR resistance and the equivalent
load capacitance define the third pole, P3.

Typically the REA resistance is high and the CppyoS is small; hence P, is also
placed at medium/high frequencies, which constrains the response of the LDO to be
slow. But in this system there is also the presence of a zero, which is typically related
with the Rggr resistance. In that way, the zero is located at higher frequencies than
P and, at the same time, at lower frequencies that the Unity Gain Frequency (UGF)
pushing the LDO in a stable situation.

So, in summary, there is a dominant pole, P1, working at low frequencies and
another pole P; working at higher frequencies than UGF. Furthermore, there is P>
working at medium/high frequencies but lower than UGF, which makes the stability
difficult. For that reason, the placement of the zero (Zg) at lower frequencies than
UGF helps the stability of the LDO.

The stability of the LDO by a dominant pole is achievable but large value of Cr,
is necessary. To obtain a high value capacitor is not difficult when working with har-
vesting applications because the storage element usually presents a high capacitance
value. The speed of the LDO is typically of several ms (around 25 ms).

The Error Amplifier is based on a two-stage amplifier [44] as it is depicted in
Fig. 2.9. Transistors Mn; and Mn» are used to define the ground current in the case
of no-load conditions.

The LDO is prepared to work with an input range from 1.3 V up to 2.5 V.
However, it presents its better performance in the range of 1.3—1.8 V. Figure 2.10
(left) presents the line regulation for a Vyy variation from 1.4 V to 1.6 V and a
fixed load of 10 k2 / 10 wF. Otherwise, Fig. 2.10 (right) depicts the load regulation
for a fixed voltage of 1.4 V and a load variation from 1 M2 to 1 k2. Table 2.5
summarizes the most important features of the implemented LDO [45].

Figure 2.11 shows the experimental case of a regulated voltage (Vreg) of 1.196 V
obtained from an Unregulated DC voltage of 1.5 V provided by the solar cells at an
indoor illumination conditions of 1,500 1x (Fluorescent Tubes). A 4.7 nF external
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Fig. 2.9 Error amplifier and

PMOS switch
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Fig. 2.10 LDO Line (left) and load (right) regulation
Table 2.5 LDO electrical characteristics
Symbol Parameter Min Max Units
Vin Input voltage 13 2.5 v
VReg Regulated output voltage 1.189 1.22 \%
IReg Output current 20 10 m A
Icc Current consumption 23 27 A
Pcc Power consumption 29 67 1 w
AlLoad Load regulation™ 13m 34 m A%
ALine Line regulation™* 7m 18 m A%
Apc DC gain 63 72 dB
Pum Phase margin 58 65 °
PSSR Power supply rejection ratio 28.7 39.4 dB
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Fig. 2.11 Solar cell + LDO experimental result

capacitor (Cr) works as storage device and to compensates the LDO. Further on,
the LDO is used to regulate the voltage obtained with an inductive link working at
13.56 MHz.

2.2.2.1 Bandgap

The proposed Bandgap reference circuit is based on a full MOSFET Bandgap archi-
tecture [46, 47], in order to avoid the use of bipolar transistors [48, 49]. There are
not available BJT transistors in the used tech. The full MOSFET Bandgap architec-
ture is depicted in Fig. 2.12. This topology is really interesting because it presents a
good trade-off between performance, area and power consumption.

This Bandgap consists in a self-biased peaking current source [50, 51, 52] with
a series resistor. Transistors M3, My and resistor R; form the peaking reference

VINT

Fig. 2.12 Schematic of a BG
circuit
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current source. The transistors work in the sub-threshold region. The transistor My
is designed such that Ipy is at its peaking value. The design condition is defined by

Ip3Ry = NVr 2.7

where N is the ideal factor and Vr is the thermal voltage (kT/q). Then, can be
demonstrated that the relationship between Ipz and Ip4, if the last condition is
satisfied, is:

Ips = 103&871 (2.8)
K3
where K3 = W3/L3, and K4 = W4/L4. Towing to the current mirror, the condition
Ips = Ip4 is defined, then the relationship between K3 and K4 to satisfy the last
condition is K4/K3 = e. If this ration is defined between the transistors the peaking
condition is maintained.
The currents are proportional to the absolute temperature (PTAT). Then, the
voltage drop in R; is PTAT. The Bandgap reference voltage (Vpg) is defined by

Ry
Ve = R_]N Vr + Vis3 (2.9)

with the correct ratio between R, and R it is possible to compensate the variations
due to the temperature of Vgs3.
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Fig. 2.13 Bandgap voltage vs. temperature for four different IC
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Several simulations have been carried out obtaining a nominal value of the ref-
erence voltage of 530 mV. The temperature coefficient is 100 ppm / °C, and a
PSRR of 42 dB can be expected for T = 27 °C and Vcc = 1.3 V. The PSRR
is 80 dB for Vcc = 1.8 V, and even greater (~90 dB), for higher values up to
2.5 V. The power dissipation is 11 wW @ 1.4 V, which represents low power
consumption.

Figure 2.13 presents the experimental Bandgap voltage vs. temperature at
Vce = 1.2 V. The results show the experimental values of four different circuits,
Ic1, Ic2, Ico and Ics. Also, the experimental voltages are compared with the simu-
lated BG voltages for different statistical models, SSA (Slow case), TTY (Typical
case) and the FFA (Fast case). The BG starts to work properly at 800 mV. Some
statistical Montecarlo analyses are presented in Appendix A.

2.3 Piezoelectric Harvesting

As it is well known, piezoelectric membranes generate an unregulated AC volt-
age. Thus, they cannot be connected directly with the load because it generally
requires a DC voltage. Therefore, three parts usually form a power scheme based on
piezoelectric generators, Fig. 2.14.

The first stage is the piezoelectric generator or micro generator -MPG- (Section
2.3.1) and its AC voltage, which is used as the main power source. The second stage
is the Rectification (Section 2.3.2) that converts the incoming AC signal wave of
the PZT into a non-regulated DC voltage. This stage is an important step because
it has to extract the maximum voltage and power from the piezoelectric and deliver
them without considerable losses to the next stage. Finally, the Regulation stage
(Section 2.3.3) regulates and controls the non-regulated DC voltage coming from
the second stage in order to transfer the energy to the load.

The basic working principle is simple; an AC voltage is generated when a
mechanical vibration is applied on the piezoelectric. This voltage is automati-
cally rectified by the second stage and converted into a non-regulated DC voltage.
Meanwhile, the capacitor (CR) is charged. Later on, the regulation stage handles the
voltage at the capacitor and delivers it to the load.

OscillationI L

|
|_

sl

Rectification Regulation

Piezoelectric
MPG

Fig. 2.14 Piezoelectric harvesting general architecture
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There are several solutions to design each stage, from the simple diode bridge
rectifier for the Rectification stage to the classical DC/DC converters for the third
stage. The problem is that many of these solutions are focused on high voltage gen-
erators [53, 54] and they could not be applied for Low-Voltage Low-Power systems
due to losses involved in each stage. For instance, the drop voltage in a diode can be
neglected in those applications where the generator produces a voltage higher than
10 V. However, if the generated voltage is in the range of 1-2 V the diode forward
voltage represents an important voltage percentage of the incoming signal, so, this
situation implies low efficiencies.

This section introduces several rectifiers’ topologies as well as two regulation
methods used in Low-Voltage applications focused on the development of Self-
Powered Systems. It is desired to avoid the use of an external battery and just power
the whole system with the energy provided by the generator. Furthermore, a fast
introduction to piezoelectric generators is also introduced.

2.3.1 Piezoelectric Model

The main Piezoelectric generator used is based on the Quick Pack QP20W (Midé
Technology Corporation, Medford, MA, USA). The QP20W is a composite beam
made of 2 piezoelectric layers working as a bimorph, with an intermediate layer
based on Polyimide. This composite beam is then located with one end clamped
to a vibrating body and the other end remaining free. The vibrations forced at
the clamped end are propagated along the cantilever beam. This wave generates
an induced strain in the membrane, which at the same time produces an electrical
charge.

In order to be able to simulate this energy recovery, a Lumped Electrical Model
compatible with Spectre software has been developed, Fig. 2.15. The model is based
on the Modal analysis of piezoelectric Euler-Bernoulli beam equations [55, 56,
57]. Solving the beam equation for the first resonance mode, and considering the
equivalences between the equations defining a mechanical system and the equations
defining an electrical circuit, an electromechanical equivalent circuit is proposed.
Each of the electrical components, appearing in the equivalent circuit, has been
defined by means of the beam geometrical and material parameters. Due to the com-
posite nature of the material some of these parameters are experimentally identified
[58, 69, 57].

In the experimental setup for model identification and validation the transducer is
mounted and clamped over an electromagnetic vibration shaker ET-132 Labworks®

Pf:i_= L1 C1 VezT
- X1 C] -

Fig. 2.15 PZT electrical model
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54
Table 2.6 QP20W electrical characteristics
Acceleration (m/s?) Voltage (V) Current (A) Rpoap (2)
7 @ 82 Hz 1.2 75w 10k

Inc. The shaker is driven with a specific amplifier Pa-119 Labworks® Inc., with

the command signals coming from a function generator. For the displacement
® s used

measurements, a triangulation laser LC2440 from Keyence
This model of the PZT is presented in Fig. 2.15 [60]. Table 2.6 summarizes the

features for this model, just in the case of an output voltage of 1.2 V. The maximum
voltage available is 2.5 V, requested by the technological limitations. In the same
way a model for the Quick Pack QP40W is used [59] in order to increase the current
capability of the power source, different PZT have been used at the same time. This
new power source structure uses in parallel different PZT allowing the system to
obtain a higher current.

Different simple PZT generators are connected in parallel creating an array of
generators. This array is then connected to the power conditioning circuitry to
charge the Storage Device. This topology allows the use of one or several PZT
generators increasing or decreasing the total current generated by the PZT’s.

Furthermore, the use of several PZT transducers in parallel decreases the time
required to charge the Storage Device in the initial start-up. This time reduc-

tion can be observed in Fig. 2.16 where different charging times for different

—

1.25 —
Vido 9/ /

PZT
/ A

T
II.-’VIdo 3PZT

| /Vido 1PZT

Vv (v)

25777

0 3
time (s)

Fig. 2.16 Simulated charge time for different arrays of QP20W. It is assumed that all the PZT are

vibrating simultaneously at the same frequency
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Table 2.7 PZT array current generation

PZT in parallel Current (A) Charging time CL = 100 wF (s)

1 751 2.6
120 1
9 300 b 0.380

arrays of QP20W generators using a 100 wF capacitor are depicted. Waveform
V1do9 represents the charging time for an array composed by 9 simple GP20W
generators.

Waveform VIdo3 represents the time involved in the charge for an array of 3
elements, whereas waveform Vldo1 represents the time for an array of 1 PZT. This
simulation has been carried out to show how the use of an array of simple PZT
can reduce the charge time. Table 2.7 summarizes the features for the three used
different arrays of PZT (It is assumed that all PZT are working simultaneously at
the same frequency and acceleration).

2.3.2 Rectifiers

A rectifier is a kind of power circuit able to convert an incoming AC signal into a
non-regulated output DC signal. These kinds of circuits are absolutely mandatory
in those applications where the main power supply generates an AC power signal —
like piezoelectric generators or inductive links- and the electronic system requires a
DC power supply.

A diode is typically used as a main device for the classical half and full-wave
rectification topologies; Fig. 2.17. In a half-wave configuration, diode D rectifies

oy Ve A
D4

Vrec

|+

\' 3

D1 D1 D1 |t

' DSWDstSW

half-wave rectifier full-wave rectifier

Fig. 2.17 Diode half-wave and full-wave rectifiers
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only the positive part of the input voltage waveform while charging capacitor Cy.
On the other hand, D; does not work during the negative period of the input signal
and the load discharges Cy [53, 54]. The operating principle for the full-wave recti-
fication is similar to the half-wave where diodes D, and D5 rectify the positive part
of the input wave and the negative part is rectified by D3 and Dy.

These diodes topologies are widely used in medium and high power applications
where the input AC voltage is much higher than the forward voltage of the diode
(Vp). In those applications, Vg can be rejected and the efficiency of the rectifier is
still high.

Both diode bridge rectification topologies — half and full-wave — becomes
unsuitable methods for low-power low-voltage applications, where the main power
generates a small voltage that is comparable with the forward voltage (V) of the
diode, typically between 0.4 V for Schottky diodes and 0.6 V for p-n diodes. In these
cases, Vf cannot be neglected and, consequently, low efficiency and rectified voltage
are obtained. Moreover, the integration (design) of a diode rectifier in an integrated
circuit (IC) is limited. First, sometimes the devices provided by the technology are
restricted and diodes are not offered or their performances are not good enough to
design a rectifier; secondly, IC integration brings the opportunity to develop more
complex power conversion circuits with better performance for Low-Voltage Low-
Power conversions. Following the idea of integrated rectifiers, three different types
are presented. Two of them are based on the idea of synchronous rectifiers and the
third one is a modified full-wave architecture formed by MOSFET transistors.

2.3.2.1 Synchronous Rectifier

A Synchronous Rectifier (SR) is composed by two main devices, one MOS transis-
tor, working as a switch, and one Driving Amplifier (DA). A simple SR is presented
in Fig. 2.18. The source-drain voltage across the N-channel MOSFET is sensed
continuously by the amplifier. When the source voltage is positive with respect to
its drain voltage the NMOS transistor conducts.

S D Vrec S D Vrec
1Yl (Y[
G G
+ + ¥ Boost &
@ Vin p— |:| @ Vin @ —_ |:|
= Co |~ A Co |~

Simple SR Boosted SR

Fig. 2.18 Simple and boosted synchronous rectifiers (SR)
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gds A

Vds

Fig. 2.19 Nmos gq4s behavior

The efficiency of the simple rectifiers depends on the voltage drop across the
NMOS, the higher the drain-source voltage (Vgs), the lower the efficiency of the
rectifier. Ideally, an NMOS transistor working as a switch acts as a fixed conduc-
tance — or fixed small resistance -. But, in practice, the drain-source conductance,
gds, varies strongly with the input voltage signal (Vj,) at the source of the NMOS.
This effect is even more visible in low voltage applications, when the supply voltage
is comparable with the threshold voltage of the transistors.

The behavior of gds in the linear zone is described in Egs. (2.10), (2.11), (2.12)
and Fig. 2.19. From Eq. (2.12) can be derived that the transistor works in the triode
region involving a low conduction for input voltages (Vj,) closed to V, —waveform
D-. On the other hand, when the input voltage decreases, the conductance increases
due to the increase of the gate—source voltage (Vgs) difference — waveforms B and
C-. Finally, with the maximum gate — source voltage difference, the highest conduc-
tance value is achieved — waveform A -. This maximum gate — source voltage value
is defined by the used technology.

An extra boost stage has to be added to the simple SR, between the transistor
and the amplifier Fig. 2.18, to reduce the on- resistance and to extend the linear
range of the transistor, gray zone Fig. 2.19. This stage generates a gate voltage (V)
higher than the supply voltage, without exceeding the maximum gate-source (Vgs)
potential, to drive properly the gate of the transistor while increasing the gqs.

0l W,
8as = gy = ucoxL—:(vgs — Vi — Vas) (2.10)
W, "
8ds = MCDXL_(Vg —Vi— TH — Vs) (2.11)
n
ol W,
8as = gy = ucoxL—:a/g — Vin — Vi — Vay) (2.12)

The boost stage is based on the Bootstrap circuit [61, 62] depicted on Fig. 2.20.
It turns the switch on and off using the signal ® from the amplifier. When @ is low,
off phase, the switch gate is grounded across transistors M7 and Mjo. Meanwhile,
the battery capacitor C3 is charged to Vcc by M3 and Mj,. Switch and capacitor
are isolated by transistors M8 and My. During the on phase, ® is high, device Mg is
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Fig. 2.20 Bootstrap architecture

activated by Ms and the load flows from battery capacitor C3 to the gate, activating
it and My. Furthermore, transistor Mg helps the Switch gate to keep the voltage at
the source (S) shifted to V. Devices My, My, C; and C; are not necessary for the
circuit but ensure a unidirectional charge of C3 by M3.

Figure 2.21 depicts the simulated waveforms for both synchronous rectifiers (b
and c) and for a half-wave diode rectifier (a). The diode rectification scheme (a)

Transient Response
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Fig. 2.21 Top: a half bridge b Simple SR and ¢ Boosted SR simulation results. Bottom: Bootstrap
circuit operation, d control signal ® and e ® shifted to V.. Co = 10 o F, R oag = 10 k €2 and
Vin = 1.2V @ 500 Hz



2.3 Piezoelectric Harvesting 59

involves an enormous voltage drop due to the diode forward voltage. Its conversion
efficiency is small —24.6%- because of the rectified DC value is around 300 mV.
On the other hand, the schemes based on synchronous rectification increase consid-
erably the rectified DC value, hence the conversion efficiency rises. Waveform (b)
shows the output V. voltage value —833.5 mV- obtained with the Simple SR and
(c) shows the output DC voltage value —1.16 V- obtained with the Boosted SR.

The maximum rectified DC voltage with both SR, Simple and Boosted is 282%
and 393% respectively higher than the obtained with the diode rectification. At the
bottom of the Fig. 2.21 the bootstrapped circuit operation in detail is presented.
The control signal (®), generated by the amplifier (d), is shifted to V. (e), but,
this voltage never exceeds the maximum Vg4 defined by the technology. All the
simulations has been carried out using a Co = 10 WE, Ry gag = 10 k2 and Vi, =
1.2V @ 500 Hz.

Both synchronous rectifiers are designed and experimentally validated in 130 nm
CMOS technology [63, 64, 65]. The layouts are presented in Fig. 2.22. Figure 2.23
presents the start-up and steady state for both rectifiers for load conditions of

T |
LT

b)
Fig. 2.22 a Simple (184 um x 51 pm) b Boosted (170 pm x 127 pm) SR .DA = Driving
amplifier, S =NMOS Switch
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Fig. 2.23 Simple (a) and Boosted (b) synchronous rectifiers experimental results
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Fig. 2.24 Rectified voltage and efficiency for simple (SR) and boosted (BSR) rectifiers for several
load conditions

10 k2 / 10 pwF. Figure 2.24 presents the rectified voltage and efficiency vs. sev-
eral load conditions using three different load capacitors. The efficiency of the
Boosted Rectifier (BSR) increases rapidly using higher load capacitors, whereas
in the Simple one (SR) the efficiency keeps almost constant. Finally, Table 2.8 com-
pares the most significant simulated and experimental values for both synchronous
rectifiers.

The main drawback of these rectifiers concerns the use of an external power
source to supply the driving amplifier (DA), i.e. a watch battery. A key aspect for
the future is to use the same input AC signal to power the amplifier in order to obtain
a full autonomous system.

Table 2.8 Simple and boosted synchronous rectifiers maximum characteristics

Simulated Experimental
Load:
600k /10w F Simple SR Boosted SR Simple SR Boosted SR
Viee 833.5mV 1.16 V 847 mV 111V
Prec 69.5 uW 134.6 uW 70.8 uW 122 pW
Efficiency (n) 69.4% 96.6% 70.6% 91.1%
Driving Amplifier (DA)

A class AB operational amplifier, Fig. 2.25, has been selected to reduce the power
consumption and to be able to drive enough current to drive the NMOS switch.
Figure 2.26 depicts its schematic (e) [44, 66]. The biasing circuits (b, ¢ and d) and
the 1 WA self-biased current source (a) are also presented. Table 2.9 presents the
main features.
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Fig. 2.25 Class AB operational amplifier layout (170 pm x 51 pm)
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Fig. 2.26 Class AB operational amplifier (e) and its biasing circuits (b, ¢, d) and current source
(a) designed as a driving amplifier (DA)

2.3.2.2 Full-wave MOSFET Rectifier

The NMOS and PMOS transistors are widely used to design integrated half and
full-wave AC/DC rectifiers instead of diodes, with an enormous drop voltage for
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Table 2.9 Class AB operational amplifier electrical characteristics (Vcc = 1.2 V)

Symbol Parameter Value Units
Gpc DC gain 65 dB
Fuy Unity frequency 145k Hz
Voffset Offset voltage 24m \"
PSSR+ Ve power supply rejection ratio 62 dB
PSSR— Vs power supply rejection ratio 70 dB
SR Slew rate 0.005 V/us
VIN Nominal input voltage 1.2 (up to 2.5) v
Icc Current supply @ 1.2V 11w A
Pcc Power consumption @ 1.2 V 13n A\

low-voltage applications. There are several approaches to accomplish the rectifica-
tion like those presented in [67, 68].

This section introduces the design of three full-wave rectifiers, one based on a
NMOS and the other two based on PMOS transistors. A theoretical study is carried
out for all rectifiers and an experimental validation for the NMOS and one PMOS
rectifiers is then presented.

NMOS Full-wave Rectifiers

A bridge rectifier based on NMOS transistors [69] is presented in Fig. 2.27a.
This topology presents a lower drop voltage during the rectification because
the transistors start to conduct the current when the input voltage is close to
the threshold voltage of the transistor, which is lower than the diode forward
voltage.

The voltage is rectified as follows: when the input voltage polarity is positive the
current flows through transistors M| and My and transistors 2 and 3 are switched off.
When the polarity is reversed, Vi,— is higher than Vj,+, the current flows through
transistors My and M3 while M| and My are shut off.

Vrec Vrec
L'I M1 M2 |H
JVin — —
@ Co Co
| M3 M4 [
F! -
NMOS Av4 é

Fig. 2.27 NMOS and PMOS full-wave rectifiers
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Fig. 2.28 Rectified voltage (Vec) and operation frequency in function of transistor width for the
NMOS full-wave rectifier of Fig. 2.27a (L= 1 um, Vi, = 5 Vp, @ 500 Hz)

When working with MOSFET rectifiers a trade-off in terms of efficiency and area
has to be analyzed. A low drop voltage across the transistors implies high channel
width and low frequencies operation; on the other hand, small channel width repre-
sents a higher drop voltage and high operation frequencies. Figure 2.28 depicts the
rectified voltage (V) and the operation frequency (Freq) for the NMOS rectifier
in Fig. 2.27a as a function of a single NMOS transistor width. A sinusoidal 5 V @
500 Hz signal is used as input.

When the input voltage value is low and at low frequencies, like when work-
ing with a PZT, it is a good option to select high width transistors with low drop
voltages. On the other hand, when working at higher frequencies, like in induc-
tive powering, small widths are a good choice in order to increase the switching
frequency. There is an optimal operation point in the intersection of both wave-
forms but, if the desired working frequency and the expected rectified voltage are
higher than those obtained in the optimal point, some extra considerations have to
be done.

Several transistors in parallel can be connected to improve the performance of the
rectifier in terms of voltage drop and frequency [70]. This configuration divides the
current into all transistors reducing the drop voltage (Vqs) of each parallel NMOS.
Hence, it is possible to improve the working frequency because the size of all indi-
vidual transistors is smaller than just one big transistor. Figure 2.29 presents the
conception for two NMOS in parallel.

A single transistor with a size of W is able to conduct a drain-source current Iq;
involving a drop voltage of V4s1. When two transistors with identical width (W)
are connected in parallel, the drop voltage is reduced to V45> because the current
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Fig. 2.29 Effect of MOS transistors parallel connection
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flowing through each one is divided by two and the effective width for the parallel
transistor is 2 W.

Taking into account the previous considerations, an integrated NMOS rectifier
(Fig. 2.27a) formed by four transistors — M, My, M3 and My — of 3,000 pm width
is implemented. This size involves a voltage drop range of 0.2-0.6 V depending on
the technological drifts. To solve the low working frequency due to the size, black
circle Fig. 2.28, a parallel structure of 300 transistors of 10 wm is used to form
each transistor. Hence, it is achieved a new working frequency range of 3—15 MHz,
depending on the technological drifts.

Figure 2.30 depicts the final layout of the NMOS rectifier presented in Fig. 2.27a.
The rectifier is symmetrically in both axis, X and Y, and an interdigitated common-
centroid structure is selected to integrate all four transistors. In that way, problems
regarding layout matching between transistors and leakage currents are minimized.

The layout is divided in two main parts: the high part composed by transistors
M; and M; and the lower part with M3 and My. All of them are interdigitated. Each
transistor is formed by 30 functional blocks (A, B, C or D) and each functional

Fig. 2.30 NMOS rectifier layout (180 pm x 150 pm)
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Fig. 2.31 NMOS rectifier efficiency and voltage drop for several load conditions

block is formed by 10 transistors with 10 wm of width. Transistor M is formed by
M; =30x A =30 x 10 x 10 wm = 3,000 wm. The other transistors are designed
following the same procedure respectively.

An efficiency range of 55-85% is achieved depending on the load and frequency
conditions. In the case of high load the efficiency decreases due to the voltage drop
across the transistors. On the other hand, a better efficiency is obtained in the case
of low current loads: lower the current flowing through the rectifier lower the drop
voltage through it, hence higher is the efficiency.

The operation frequency also modifies the efficiency of the rectifier. For higher
frequencies the transistor leakage increases producing more losses so, the efficiency
decreases. Figure 2.31 depicts the efficiency of the rectifier vs. several load con-
ditions for different frequencies and filter capacitances (Cp) and the voltage drop
across the rectifier is function of load conditions. As can be noticed, the efficiency
of the NMOS rectifier is 10% lower than the obtained with the boosted synchronous
rectifier (Section 2.3.2.1) for the same load conditions.

One of the pitfalls of the rectifier is the dependence of the efficiency with the tran-
sistor voltage drop. A trade off in terms of area, load current, leakage and voltage
drop has to be reached to fit the correct rectifier in each application. Also, a mini-
mum input voltage higher than the threshold voltage of the transistors is necessary
to activate them properly and rectify the incoming signal.

The use of an external battery is not necessary in the NMOS passive rec-
tifiers. It represents a great advantage compared to the Synchronous Rectifiers
to develop a Self-Powered application. Moreover, these rectifiers can be easily
integrated and adapted to any design and no extra components like boost stages
or driving amplifiers are necessaries.

On the other hand, a good layout is important to avoid matching problems.
Table 2.10 summarizes the main features of the rectifier and Fig. 2.32 presents
the minimum input voltage that can be properly rectified by the NMOS AC/DC
converter. It is also important to take into account the temperature dependence
of the leakage current in those applications designed to work in a wide range of
temperatures.
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Table 2.10 NMOS Full-wave rectifier electrical characteristics

Symbol Parameter Min Max Units
ViN Nominal input voltage 0.25 2.5 v
Vrop Drop voltage 0.05 0.6 \%
Tout Output current - 20 mA
Freq Working frequency - 16 MHz
n Efficiency 52 85 %
lleakage Leakage current - 1.4 mA
w Width of each transistor 3,000 nwm
L Length of each transistor 0.28 wm
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Fig. 2.32 NMOS rectifier minimum input voltage at no-load condition

PMOS Full-wave Rectifiers (Bridge and Voltage Doubling)

Figure 2.27b depicts the architecture of the PMOS bridge rectifier. When voltage
Vin+ is higher than Vj,— transistors M, and M3 are activated whereas M; and My
are shut off. On the other hand, when voltage Vi,— is higher than Vj,+ transistors
M, and M3 are deactivated and M and M, are turned on [68, 71, 72].

The drop voltage of the PMOS transistors is controlled and minimized by select-
ing properly the size of each one. The higher the PMOS size, the lower the drop
voltage and frequency switching. The steady state leakage current is also minimized
connecting the bulk to the highest potential.

The PMOS rectifier presents a simulated efficiency of 72% under the same con-
ditions as the NMOS, Fig. 2.34. In spite of its better efficiency the NMOS rectifier is
integrated due to its reduced dimensions, the PMOS rectifier area is 10 times higher
than the NMOS.

The previous NMOS and PMOS rectifiers generate a positive DC voltage.
Sometimes, a symmetrically voltage supply is necessary for all those applications
that requires a positive and negative DC voltages to power the circuitry. Figure 2.33
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Fig. 2.33 Full-wave voltage IVCC

doubling rectifier and its
minimum input voltage

C1

_—Vss

depicts a full-wave voltage doubling analyzed and implemented [53]. Both tran-
sistors are diode connected. During the positive cycle the current flows through
transistor M| generating the positive DC voltage — Vcc — whereas M, conducts
the current during the negative period of the input signal producing the negative DC
voltage — Vss-.

The bulk of each transistor is always connected to the highest potential using an
auxiliary circuit (grey zone Fig. 2.33) to avoid a forward biasing and to guarantee the
lowest current consumption through the bulk [62, 73]. A small size is used for those
auxiliary transistors (W = 30 wm, L = 0.35 pm). Otherwise the leakage produced
by these transistors becomes too large at high frequencies.

Transistors M| and M has been designed following the same considerations
done in the previous NMOS rectifier. The selected width of the PMOS transistors is
3,000 pm using 300 transistors of 10 wm in parallel. The final layout has the same
appearance as transistors 1 and 2 in Fig. 2.30 with a new dimensions of 180 pm x
80 wm. Table 2.11 summarizes the main characteristics. It can be noticed that all
the values are lower than the ones obtained with the NMOS rectifier.
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Fig. 2.34 PMOS rectifier minimum input voltage at no-load conditions
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Table 2.11 Full-wave voltage doubling rectifier electrical characteristics

Symbol Parameter Min Max Units
ViN Nominal input voltage +0.3 +2.5 v
Vrop Drop voltage 0.1 0.82 \
Tout Output current - 17 mA
Freq Working frequency - 14 MHz
n Efficiency 44 72 %
lleakage Leakage current - 1.14 mA
W Width of each transistor 3,000 pm
L Length h of each transistor 0.28 wm

2.3.3 Regulation

As it is previously commented, this module regulates the DC voltage provided by
the rectification stage. There are several options to regulate and to control the volt-
age after AC/DC rectification like DC/DC converters [74], Zener diodes or linear
regulators [75]. One of the most used circuits for low voltage applications, where
the generator produces low voltage, is based on LDO’s (Low Dropout Regulator). A
1.2 VLDO is designed and explored in Section 2.2.2 and it can also be used after the
rectification module as long as the rectified voltage overcomes the minimum input
voltage of 1.3 V.

Two extra regulations methods are explored in this section. The first one uses a
Charge Pump (CP) to push the input voltage to a higher value, and the other method
is designed specifically for self-powered low voltage low power applications.

2.3.3.1 Charge Pump (CP)

A charge pump (CP) is a type of DC/DC converter able to pump the input voltage
to a higher value avoiding the use of inductors. Its purpose basically consists on
generating a voltage level two times higher than the input voltage (Vou = 2 Vip).
The adopted charge pump option is based on a 2-phase scheme [76, 77, 78]. Also a
higher voltage could be obtained adding more stages [79].

This 2-phase option is good enough in terms of area and power consumption,
instead of solutions based on complex architectures like in [80, 81, 82]. An option
based on an n-stage Dickson charge pumps is dismissed because of the necessary
area for the layout implementation and the very poor efficiency due to the losses
in the diodes. Furthermore, CP architectures based on four clocking schemes and
solutions that switch the bulk connections to the highest voltage are also dismissed
for their complexity and power consumption; they use several drivers, level shifters
and extra electronics.

The implemented TPVD (Two Phase Voltage Doubler) charge pump is depicted
in Fig. 2.35a. The four switches are turned on and off periodically in two modes of
operation: a store mode and a transfer mode. In the store mode the switches My and
M, are switched on, while the other two switches are off. The Cyqy capacitor is then
charged to the Vj, voltage. In the transfer mode, switches My and M2 are OFF and
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Fig. 2.35 a TPVD schematic approach and b TPVD + auxiliary circuits

switches M1 and M3 are on. Theoretically, if there are no losses, the TPVD doubles
the Vj, voltage at the unregulated output node, Vgy.

The charge pump uses a simple digital core that generates the suitable control
signals (low voltage) to drive the four switches. These signals are generated from
a signal clock circuitry. In order to work with the PMOS transistors, a level shifter
driver is introduced to drive the gate of transistors M, and M3 to the maximum
available voltage in the charge pump, Vy, in order to define the OFF condition of
these transistors. In Fig. 2.35b the TPVD with the auxiliary circuits is depicted.

The digital control generates the signals in such a way no-crossing conditions
exist. Crossing conditions have to be avoided, for instance, between the On-Off
transitions of transistors M, and M3, and also between Mg and M| to prevent short
circuits between Vi, and GND. A dynamic level shifter [83] is designed to drive the
PMOS transistors M, and M3.

The designed TPVD layout is presented in Fig. 2.36. Some of the most interest-
ing simulations are presented in the following. Figure 2.37 depicts the start-up and
steady state operation of the charge pump at Vi, = 1.2V, CK = 1 MHz and Load =
100 k2. It is also possible to observe the clock signals used to drive the transis-
tors and how clocks 2 and 3 are shifted to the output voltage, maximum available

M1 MO

DIGITAL

DRIVERS

M2 M3

Fig. 2.36 Layout of the implemented TPVD (230 pm x 195 pm)
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Fig. 2.38 Simulated and experimental TPVD output voltage in function of switching frequency
(Left) at no load and vs. several load conditions (Right) (500 k Hz.; Vi, = 1.2V)

voltage, to drive transistors My and M3. It is also presented in detail the dead times
between the clock signals and the no-crossing conditions between them.

Figure 2.38 presents the simulated output voltage (Vou) for Cy = Cioag = 3.3
nF in open load condition vs. clock frequencies for different statistical models, SSA
(Slow case), TTY (Typical case) and the FFA (Fast case). It is also depicted the V
value for Cqy = Cjpaa = 3.3 nF vs. different load conditions @ 500 k Hz (Vj, =
1.2V).

A set of measurements are carried out to the IC in order to check the performance
of the unregulated charge pump. The experimental output voltage drops from the
ideal theoretical value of 2.4-2.0 V. The behavior of the implemented TPVD follows
the SSA simulated model case. For instance, in the condition of no-load, Cqy =
Cload = 3.3 nF and clock of 500 kHz the experimental Vg, is 2.035 V and the
simulated SSA value is around 1.92 V. Figure 2.38 presents the experimental output
voltages, VouExp, which can be compared with the simulated results.

An output voltage around 1.9 V is obtained for frequencies up to 200 kHz.
Increasing the switching frequency, the output series resistance of the charge pump
decreases [84], and the output voltage increases up to 2.10 V for an optimal
frequency of 800 kHz.
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Fig. 2.39 Experimental start-up (Left) and flying capacitor voltages (Right) (load of 3.3 nF and
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Figure 2.39 presents the experimental start-up with a load of 3.3 nF and 100 k€2,
Cpy of 3.3 nF, clock of 100 kHz and Vi, = 1.2 V. Increasing the clock frequency,
lowers the start-up time and the output ripple. The same figure depicts the experi-
mental voltages at different nodes of the charge pump. Capacitor Cqy, changes its
value from Vj, to 2 Vi, when the charge pump phase changes from store mode to
transfer mode, whereas Cqy- changes from 0 to Vj,. It is also depicted the drop
voltage defined as 2 Vi, — Vour.

Figure 2.40 presents the output voltage (V) at open load condition, for different
switching frequencies and different values of Cqy and Cjoaq capacitors. Cqy capac-
itor should be adjusted to boost the output voltage taking into account the desired
power level. This capacitor should be higher than the parasitic capacitances in the
nodes. From simulations a value of 3.3 nF was selected and the experimental results
confirm a better performance of the charge pump using that value. As the value of
the Cyy capacitor decreases, the performance of the charge pump is even worse.
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Fig. 2.40 Experimental output voltage vs. frequency switching for several Cqy and Cjoaq capaci-
tors (Left) and experimental efficiency for the particular case of Cgy = Cjoaa = 3.3 nF @ 800 kHz
and Vin=12V
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Table 2.12 TPVD electrical characteristics

Symbol Parameter Min Max Units
Vin Nominal input voltage 0.4 1.2 v
Tout Output current - 250 A

n Efficiency 19 68 %
Freq Working frequency 100 k M Hz
VDRropP 2 Vin — Vout 0.1 0.5 \'%
Vce Supply voltage 1 1.2 \%

This situation is defined by the value of the parasitic capacitors that are respon-
sible of the switching losses, if they have a value comparable with Cyy, the features
of the CP decrease.

The best experimental efficiency is presented in Fig. 2.40 for the particular case
of Cpy = Cjoaqg = 3.3 nF @ 800 kHz. It is compared with the theoretical efficiencies
obtained by simulation with the different models. As it is commented the IC is
placed in the region of slow mobility, SSA. The main features of the designed TPVD
are summarized in Table 2.12.

This kind of inductorless DC/DC converter is a good option to develop on-chip
application because only few external capacitors are necessary. Furthermore, it is
possible to work with low input voltages (> 1 V) and produce usable voltages (<
1 V) thanks to its pumping ability and the possibility to connect more than one
stage in parallel [79]. In low power applications Charge pumps are widely used
with thermoelectric [85], magnetically induced [86] and piezoelectric generators.

On the other hand, the main drawback of the TPVD Charge Pumps is related
to the external supply voltage necessary to power the internal circuits. Moreover,
an on-chip clock generator has to be included in the design increasing the power
consumption.

This TPVD CP can be connected together with the Boosted Synchronous
Rectifier (Section 2.3.2.1) to validate the generic architecture proposed in Fig. 2.14.
The SR is able to work with a low AC input voltage and the DC/DC Charge pump
generates an unregulated DC voltage two times higher than the rectified voltage.
Figure 2.41 presents the connection schematic.
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Fig. 2.41 Schematic of the boost synchronous rectifier and TPVD connection
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Other types of Charge Pumps that combine rectification and pumping capabilities
are also available. Some examples are found in [87, 99] where two CMOS UHF
Rectifiers are used in RFID Tags.

2.3.3.2 Self-Powered Regulation Control Module (SPRCM)

In Low-Power applications the use of DC/DC converters or other type of classi-
cal regulations methods [74] are not possible because consumption represents a
high percentage of the incoming power, hence, lower efficiency. Moreover, the
integration of some of these converters and regulators becomes difficult in Self-
Powered Micro Systems (SPMS) because of external batteries or supply systems
are necessary. In those cases, specifically designed control circuitry has to be
implemented.

The new circuit presented above is based on a control module able to manage the
power generated by the low power source and deliver it to the load in a usable form.
The module presents a low quiescent current to assure low power consumption,
in that way, the major part of the input energy is transferred to the load and good
efficiencies are achieved.

Furthermore, the objective is to avoid the use of extra batteries to power the
extra circuitry and to work only with the power generator and one storage element,
like a capacitor or a super capacitor [89, 90, 91], in order to define a SPMS. The
module can be used with several low-power input generators although it is focused
to work with AC generators like magnetically induced and especially piezoelectric
generators.

The proposed IC architecture is presented in Fig. 2.42. It is composed by one
integrated switch transistor, one integrated Control Module, one off-chip storage
element, a capacitor or super capacitor (SCapa), and if necessary, some external
resistances and an AC/DC rectifier if the input voltage (Vi,) is not a DC signal.

V/SCapa_

Vin (DC) T
- Control Module

Integrated Resistancesl

NG

VLoad
]

LOAD

| External Resistances

Fig. 2.42 Proposed architecture for self-powered regulation control module. Grey zone represents
the integrated IC
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The rectifier is used to convert the AC signal coming from the AC generator into
an unregulated DC voltage. For those generators that directly provide a DC voltage
this circuit is not necessary.

The unregulated DC voltage is used to charge the voltage at the super capacitor
(Vscapa)- This voltage is sensed continuously by the Control Module and compared
with two trigger values (Vipax and Viyjp) in order to control the PMOS switch.

When the DC voltage at the SCapa reaches the maximum value (V) the
Control Module switches on the PMOS transistor and the energy stored in the capac-
itor or battery is transferred to the load. At that point, Vgcapa starts to decrease
(Discharging Phase) until a minimum voltage value (Viin).

When the Control Module senses the minimum threshold value the PMOS is
automatically deactivated and the voltage transference from the capacitor to the load
stops. Immediately, the voltage at the SCapa increases again up to V,x defining the
Recharge Phase. It must be stated that the load must work between Viax and Viin
voltages. The first time the battery is charged to Vax is defined as Start-Up phase.
Figure 2.43 presents a simulation of the system with the three operation phases,
VSCapa and Vi oad.

The time involved in the Start-Up and Recharge Phase varies in function of the
power available by the generator and the value of the capacitor. The Discharge Phase
time depends on the load power consumption. The energy is transferred to the load
in pulses defining a Burst mode of operation: the load is only connected if there is
enough energy at the capacitor.

It is possible to move from Burst mode toward Continuous mode if the load
consumption is lower than the generated power. In that way, the load capacitor does
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Fig. 2.43 Simulated performance of the module (SCapa = 47 pnF)
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not reach the minimum threshold voltage and a long operation discharge phase is
defined.

Two different architectures have been used to implement the Control Module.
One is based on a complex design with a precision band-gap reference circuit,
comparators to define the max and min voltages, and a small digital logic.

The other architecture is based only in the use of a single comparator. The
complex control has the ability to integrate extra functionalities like voltage thresh-
olds programmability, Power-On Reset or sensors integration. On the other hand
the simple control presents power consumption lower than the complex one. Both
architectures are explained in detail in the following of this section.

Complex Control Module

The architecture is presented in Fig. 2.44. The system is formed by two low-
power comparators (Fig. 2.45), which sense continuously the voltage at the storage
capacitor (Vscapa) and compare it with a reference voltage supplied by a Bandgap
reference circuit, BG. Two resistive networks, Rn; and Rnp, are used to adapt the
voltage level of Vgcapa to the range defined by the BG. One comparator is prepared
to detect when the voltage reaches Vn,x and the other one is prepared to sense Vy;p.

The comparator is designed with 20 mV of hysteresis [70] to better define the
voltage detection points and to avoid undesirable commutations, Fig. 2.46. In order
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Fig. 2.46 Comparator
20 mV hysteresis @ 1.2 V
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to reduce the power consumption both comparators share the same current source
(CS) and Bandgap circuit (Section 2.2.2).

The signals generated by the comparators are used by a logic circuitry to generate
the control signal for the PMOS switch and define the Charge and Discharge phases
of the system. The comparators, the digital logic and the rest of the elements of the
control unit are powered by the voltage at the storage element (Vscapa)-

As previously commented, the comparators are in charge of detecting the max
and min voltages using a resistor network. In that way, several values of Vp,x and
Vmin can be programmed. To add an extra functionality in the final implementation,
the control module can be configured to work with an on-chip resistance with a fixed
detection values of Viax = 1.1 V and Vi = 1.0 V or with an external off-chip
resistance allowing the system to detect voltages up to 2.3 V.

Figure 2.47 depicts the max and min values programmed to work between 1 V
and 2 V using external resistors. The AC input voltage is rectified by the NMOS
rectifier presented in Section 2.3.2.2. A piezoelectric transducer is used as a primary
source.

The Complex Control also incorporates a Power-On Reset (POR). This circuit
is used to reduce the power consumption of the module during the Start-up phase.
At the beginning, when the voltage grows from 0 to Vpax for the first time, only
the POR and the Bandgap circuit are working. When the voltage at the storage
capacitance is around 0.8 V the POR circuit activates the rest of the electronics
increasing the power consumption of the module. In that way, the system is only
connected when a minimum amount of voltage is available at the storage device.

Moreover, the Start-Up time is reduced because the system is deactivated.
Figure 2.48 presents the architecture of the POR [92] and Table 2.13 compares
the power consumption of the module during the start-up (0.5 V) using POR and
without it.
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Table 2.13 Effect of the POR circuit in the power consumption reduction during the Start-up of
the complex module

Vscapa =0.6 V POR No POR

Pcc 1 W 6 pW

Furthermore, extra circuits can be added easily using some of the integrated cir-
cuits of the module. For instance, a temperature sensor is designed using the on-chip
BG circuit in [93] where a voltage proportional to the temperature is delivered to the
load.

The power consumption of the module is presented in Fig. 2.49, where it is com-
pared with the typical simulated values. In that case the simulated and experimental
results are really close. Finally, the layout of the Complex Module is presented in
Fig. 2.50.
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Fig. 2.49 Complex module power consumption

Fig. 2.50 Complex control module layout (770 pm x 545 pm)

Simple Control Module

The second control module is only based in a comparator, Fig. 2.51. The input
branches and the decision stage define a high hysteresis cycle used to define the
max and min voltage values. The same figure also presents the simulated hysteresis
of 200 mV centered in 1.3 V defining a Vi, of 1.2 V and Vi of 1.5 V.
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Fig. 2.52 Simple module power consumption

Its main advantage resides in the low power consumption and its small area (260
pm x 490 wm). Figure 2.52 presents the power consumption in function of several
voltage values. As can be observed the consumption is 10 times lower than the one
consumed by the Complex Module. On the other hand, a good layout matching is
necessary to achieve a good precision and no programmability neither other extra
features is included. Figure 2.53 depicts the experimental hysteresis and the final
layout.

The typical drop voltage across the PMOS switch is 11 mV for both modules.
Several Montecarlo simulations show that the drop range can vary from 25 mV to
3mV.

Table 2.14 summarizes and compares the functions of each control module. In
those applications where the power consumption is a must, the simple control is
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Fig. 2.53 Layout and experimental output voltage of the simple comparator

Table 2.14 Summary of the main characteristics for both control modules

Modules
Complex Simple
Symbol Parameter Min Max Min Max Units
Vscapa Input voltage 0.9 2.5 0.9 2.5 \%
Pec Power consumption 10w 1 m 0.5 10 W
Vimax Maximum threshold voltage Programmable Fixed \'
1 2.5 1.5
Vnin Minimum threshold voltage Programmable Fixed \'
1 2.5 1.2
Precision High Low
Area Large Small
Extra functionalities Yes No

clearly the option to be selected; on the other hand, the complex module is the
option to develop complex applications.

2.3.3.3 SPRCM Results

Both modules have been tested with a real piezoelectric generator and the experi-
mental values have been compared with the simulated ones, anyhow only the results
obtained with the complex module are presented below. The AC/DC NMOS recti-
fier (Section 2.3.2.2) is the selected option to rectify the AC signal provided by the
piezo.
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Fig. 2.54 Experimental setup

The experimental setup, Fig. 2.54, and the simulated generator are based on a
Quick Pack piezoelectric QP40W from Midé Technologies working at 7 m/s2 @
80 Hz. The simulated behavior of the piezo is based on a Lumped Electrical Model
compatible with Spectre software explained in Section 2.3.1 and developed in detail
in [17, 56].

The QP40W transducer is mounted over an electromagnetic vibration shaker ET-
132 Labworks® Inc. The shaker is controlled with the Pa — 119 Labworks® Inc.
amplifier. A LC2442 laser by Keyence® is used for the displacement measurements
and two Tektronix® oscilloscopes TDS 2014 and TDS 714L are used to visualize
the circuit waveforms.

An estimated load power consumption of 1.5 mW has been assumed to carry
out with the simulations and experimental tests. It is also assumed that the power is
consumed in pulses of 10 ms. The selected value of the storage capacitor is 47 i F.
A super capacitor or larger capacitance values are not used to avoid long simulation
times.

Using the previous values and taking into account that the energy transferred
from the capacitor to the load is described by (Eq. 2.13) where Vphax and Vi, are
the defined max and min voltage values at the capacitor and Cscapa, is the capaci-
tance value of the storage device, the total energy involved in the Discharge Phase
is around 5 p J defining an average output current of 600 . A. For this study 1.1 V
and 1.0 V are used as a max and min voltage respectively. These values are obtained
using the on-chip resistance network in the complex control module.

AE(y = 0.5Cscapa(Vimax)* — 0.5Cscapa(Vinin)* (2.13)
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Fig. 2.55 Simulated steady state response and switch voltage drop (inset picture)

Several interesting values can be extracted from the simulations. The simulated
Start-Up time is 230 ms and it is depicted in Fig. 2.43. The time involved in the
Discharge Phase is 8 ms and in the Recharge phase is 60 ms (Fig. 2.55). All these
values are for a typical (TYP) case. Furthermore, Fig. 2.55 depicts in detail the drop
voltage of 11 mV across the switch.

Figure 2.56 presents the experimental Start-up. The time involved in this phase
is 250 ms. The max voltage at the capacitor is 1.14 V whereas Vi, is 1.02 V. The
Bandgap voltage is 488 mV. Figure 2.57 presents the experimental Discharge and
Recharge time of 10 ms and 55 ms respectively. The inset chart presents a zoom of
the drop voltage of 17 mV across the PMOS switch.

The total consumption of the electronics is 67 pW. This value corresponds with
those presented in Fig. 2.49. All experimental values are closed to the extracted
simulated values and the system is fully validated. Moreover, more successful tests
have been carried out using external resistors networks working with several values
of Vinax and Vin and using several capacitor values from 1 nF to 4,700 pF.

The maximum piezoelectric mechanical to electrical efficiency is obtained when
Vco = Voc/2 [94] where Vo is the open circuit voltage generated by the piezo and
Vo is the voltage generated by the PZT with load connected to them. Transduction
efficiency around 75-80% is achieved with the system and it is independent of the
capacitor value used as a SCapa thanks to the threshold programmability function
of the complex control unit. It is easy to program the max and min voltage to obtain
a voltage at the capacitor close to (Vimax + Vmin) / 2 = Vco = Voc / 2.
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It is possible to observe in Fig. 2.58 the relation between Voc and Vco. It is
also possible to observe the discharge / recharge phase of the Scapa (Vscapa) and
the voltage transferred to the load (Vi aq). In that case the mechanical to electrical

efficiency (nmg) is around 75%, and the power efficiency of the module is around
80%.
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Fig. 2.58 Open circuit voltage (V) and close circuit voltage (Vo) of the PZT working with the
complex module

It is important to remark that similar waveforms are obtained for the simple con-
trol module. A reduction is observed in the Start-Up and recharge times due to its
lower consumption. Moreover, there is the possibility to connect a voltage regulator
like an LDO after the modules. In that way several modules can be connected in par-
allel working with the same storage element and different piezoelectric generators
vibrating at different frequencies and places. It is stated the LDO or LDO’s must
work within the range defined by the max and min values of the modules.

2.4 Chapter Conclusions

This chapter discusses the design of a full custom Multi Harvesting Power Chip
(MHCP) or, what is the same, a chip able to transform into electrical energy the
power coming from three different ambient sources:

e mechanical vibrations,
e solar radiation and
e magnetically induced energy.

The MHPC is explained and detailed at the beginning of the chapter. The two modes
of operation are introduced, the SSD (Single Storage Device), where only one stor-
age device is shared for all the sources, and the MSD (Multiple Storage Device),
where each source uses one storage device. Then, the ability of the circuit to work
with all the sources working at the same time is validated and demonstrated.
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The architecture of the power management circuit has been proposed and each
circuit block described. Basically, the following circuits have been designed with a
low-power low-voltage commercial technology (0.13 i m STMicroelectronics):

Low-DropOut (LDO) regulator and a Bandgap circuit.

Full and half wave AC/DC Rectifier.

Low-Voltage Charge Pump (CP).

Two novel Self-Powered Regulation Control Modules (SPRCM).

Each circuit has been explained and experimentally validated in detail with spe-
cial attention in the stability of the LDO and in the full MOSFET Bandgap voltage
reference. Moreover, the novel SPRCM modules are exhaustively detailed and
validated through simulations and experimental results with low-cost commercial
piezoelectric generators.

High mechanical to electrical conversion efficiency are obtained with the
SPRCM modules when working with piezoelectric generators. They are working
continuously looking for the correct relation between open circuit and closed circuit
voltages of the piezos.

It has also been introduced the modeling of the different sources. In that way, an
inductive link formed by two coupled antennas and a solar cell t has been presented.
Moreover, a simple real lumped piezoelectric model has been introduced, referenced
and validated through experimental results.
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Chapter 3
Biomedical Integrated Instrumentation

Abstract This Chapter is focused on the development of an integrated instru-
mentation to work with three electrodes amperometric Biosensor. First of all, it
is introduced the conception of three electrodes configuration and how it works.
Moreover, some typical electrochemical techniques like Voltammetry, EIS and
amperometry, are introduced to the reader. The instrumentation electronics is based
on a potentiostat architecture, which is explained in detail and experimentally val-
idated. The obtained results with the full-custom approach are compared with the
ones obtained using a commercial potentiostat. In that way, the correct operation
of the designed circuits is fully validated. Furthermore, this chapter explains the
conception of a Lock-In amplifier circuit used to detect the real and imaginary com-
ponents of the complex impedance measured from the Biosensor. This circuit is
theoretically explained and some simulated results are shown. Finally, the concep-
tion of Biotelemetry or how to transmit information from the subcutaneous device
to the external reader is introduced. Then, the implemented protocol in this work is
detailed. In summary, this chapter presents the developed BioChip IC that is able to
drive the sensor, process the measured data and transmit the data to the external side
through an inductive link.

Keywords Analog integrated circuits - Microelectronic implants - Bioimpedance -
Amperometric sensors - Electrochemical impedance spectroscopy - Phase
detection - Active filters - Biomedical telemetry

3.1 General Introduction to Biomedical Instrumentation

A biomedical instrumentation system comprises [1], basically, the modules pre-
sented in Fig. 3.1. Its general architecture is similar to other conventional instru-
mentation system [2, 3]. The main difference between the bioinstrumentation and
the conventional ones is the sort of signals to be analyzed. In Biomedical Systems
(BS), the signals come from activities related with the human body and they have
to be measured in-vivo through the living tissue, or using microelectrodes to detect
biological activities [4, 5] or in-vitro, outside the human body [6].

J. Colomer-Farrarons, P.L. Miribel-Catala, A CMOS Self-Powered Front-End 93
Architecture for Subcutaneous Event-Detector Devices, DOI 10.1007/978-94-007-0686-6_3,
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Power Supply

to -H-| Sensor I——l Conditioning I—-I Processing
Measure ol Representation

Fig. 3.1 General instrument architecture

The Element to Measure or “Measurand” [2, 3] is the value, property or physical
quantity to be sensed and detected. In biomedical instrumentation this element could
be a substance concentration, biopotential, pressure, impedance, etc. . .

The Sensor module is in charge to convert the energy generated by the
Measurand to an electrical form [2, 4, 7, 810, 11]. This module is also known as
transducer. There are several types of Biosensors, from the typical skin electrodes
[5, 6, 12] used in electrocardiograms, till the miniaturized electrodes used to detect
glucose, ADN ..., but all of them have to be specifically designed to extract the
minimum amount of energy to be minimally invasive with their surroundings.

The output of the sensor is sometimes not enough valid to be processed. Hereby,
the Signal Conditioning module prepares the output to be treated and analyzed. It
could amplify, filter and even digitalize the incoming signal in order to prepare it
for the following step. Once the signal is conditioned, the Signal Processing module
evaluates the data and takes the necessary actions. At this stage, the data is organized
and it could be displayed in a monitor or in the same device, or the module could
activate an alarm if a threshold value is exceeded. Moreover, the Signal Processing
module may prepare the data to be transmitted to other locations like a PC or a
remote host.

Finally, if a communication is required, the Communication module is in charge
to do that. It transmits the data prepared by the processing unit to the receiver or
receivers using the established protocols, like TCP/IP, series, parallel, etc. .. It can
transmit the information using cables or providing a wireless link between the med-
ical instrument and the receiving unit, known as a Biotelemetry. It is a really useful
tool since it allows transmitting information about one patient, i.e. in a hospital
room, to the monitoring center without using the lengthy and cumbersome cables
and giving full autonomy to the patient.

The energy in Fig. 3.1 is provided by the Power Supply unit. It manages the main
energy source, battery, power line, harvesting, and delivers the necessary voltage and
current to each module. It has to be carefully designed in order to guarantee the best
isolation between the energy source and the electronic modules and Measurand, i.e.,
the patient. For implanted subcutaneous devices, inductive powering is one of the
most useful methods to power the internal circuitry. The architecture shown above is
not unique. It could be adapted by eliminating, adding or replacing some modules.
Sometimes, Processing and Communication are joined in a single module and an
extra calibration unit is added [13] in portable equipment. Moreover, some control
feedback is included to adjust automatically drifts due to temperature or sensors
degradation.
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If the developed instrument is for implantable applications, inside human body,
some extra considerations have to be done. First of all, the size of the instrument
is very important. Given the human body dimensions, instruments not higher than
a few cm are mandatory. Moreover, the consumption of those devices have to be
really small hence, low-voltage low-power integrated instruments are the solution.

A perfect isolation between the instrument and its biological environment is a
must in order to avoid biocompatibility and thermal problems. A temperature vari-
ation between one or two Celsius degree could produce injuries in the body and
sensing problems.

3.2 Electrochemical Biosensors

A Biosensor is a type of sensor able to convert the biochemical interactions pro-
duced in a biological material into electrical or optical signals [14] allowing the
detection of substances like enzymes [15, 16], antibodies [17, 18], proteins [19],
etc. ..

Basically, it is formed by two parts: the Bioreceptor or biological detection ele-
ment, which recognizes the element to be studied (enzymes, antibodies, etc...)
and the Transducer that detects the biological reaction in the Bioreceptor and gen-
erates a proportional electrical signal. Depending on the type of Transducer the
response of the Biosensor could be Potentiometric [19, 20], Amperometric [16, 21],
Conductometric [22, 23], etc. ..

The electronics developed here are focused on working with low-frequency
Amperometric [24, 25] Biosensor. An Amperometric sensor generates a current
when a potential is applied on the electrochemical cell, which is proportional to the
electrochemical reactions produced in the Bioreceptor. On the other hand, capaci-
tive Biosensor produces a variation on its capacitance when a reaction takes place in
the Bioreceptor hence, an impedance variation is produced in the electrode-solution
interface when an AC signal is applied on the cell [14]. This means that an amper-
ometric sensors delivers the electrochemical information by modulating the current
through it, whereas, on Capacitive sensors the information is done by modification
of the sensor impedance.

In general, amperometric and capacitive sensors are based on the use of 2 or 3
electrodes, Fig. 3.2. The most used topology is the three electrodes cell because
it allows a better control of the applied potential to the cell. So, the developed
instrumentation is for 3-electrodes sensors.

The function of each electrode is described below:

e Counter or Auxiliar Electrode (C/A): it supplies the necessary current required
for the reaction at the W electrode.

e Reference Electrode (R): it is used to measure the potential between the Reference
and Working electrodes in order to control the biochemical reaction.

o Working Electrode (W): it is covered with a sensitive film that serves as a surface
where the reaction takes place.
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Mainly, the three electrodes sensor works as follows: a current flow (I, Fig. 3.2) is
generated between C and W electrodes when a potential is applied between them
(Power Supply). However, the electrochemical reaction starts on the W electrode
when a well-known potential (V) is established between the Reference and Working
electrodes.

A specific electronic circuit, known as potentiostat, is used to control the volt-
age between the R and W and to inject the current through the Counter electrode.
Furthermore, it also measures the current flowing in the Working electrode. There
are several options to develop this kind of circuits, from full analog solutions to
mixed implementations. In that work, the integrated potentiostat is based on an
analog development using operational amplifiers.

3.2.1 Three Electrodes Sensor Model

An electrochemical reaction could be described as a network of resistances, capac-
itances or impedances and active elements [26, 27]. These electrical equivalent
circuits are important to understand the behavior and the working principle of
the sensors. Moreover, these models are also used to design and test the sensor’s
electronics.

The representation of the interface model can be very complex [27]. The simplest
case uses an equivalent circuit called Randles circuit [28]. It is presented in Fig. 3.3
and it is composed by the double-layer capacitor (Crer), the polarization resistor
(Rref), which is also described as a charge transfer resistor, and the solution resistor
(Raux)-

('-
Cc
Raux
R
ZTOWJ< Cref
ZCellgw)
Fig. 3.3 Electrochemical W Reref

Randles sensor model ~—
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These parameters are time-dependent and they have to be roughly known with
an estimation that extends a couple of decades [29]. Then, the values of these
parameters are used to guarantee stable operation of the implemented electronic
circuit.

An important element is the presence of the capacitor, which is used to model the
interface between the electrode and their surrounding electrolyte. This capacitive
Biosensor is based on the theory of the electrical double-layer [30]. An electrode
immersed in an electrolyte solution can be generally described as a capacitor in its
ability to store charge. The double layer capacitor is formed as ions from a solution
absorbed on the electrode surfaces.

The total impedance of the equivalent sensor model presented in Fig. 3.3 is
defined by (3.1)

Vwe(iw) — R+ Rref
= Kaux

ZT .W) = PN
o Ic(jw) 1+ Ryef Crer (jw)

3.

whereas the sensor Cell Impedance, where the reaction takes place, is defined by
3.2)

) ) Vwr(w) Ryef
Zcen jw) = Zw-r (jw) = — = . (3.2
‘ Iw(Gw) 1+ RyerCrer(jw)
From (3.2), the real and imaginary parts of the impedance are derived.
2 .
i . Rré’f RrefC’ef]W
1+ Rremefw2 1+ RrefCrefw2
ZREAL ZIMAG

Using this mathematical approach, it is possible to identify each electrical com-
ponent of the model and relate each value with the corresponding electrochemical
effect in the reaction. If there is some reaction in the sensor, automatically the cor-
responding electrical parameter will be modified and the impedance will change.
Moreover, complex models can be developed just connecting, in series or paral-
lel, more electrical components [31] to accurately describe the sensor behavior and
some effects like Warburg resistance [32].

From Egs. (3.1) and (3.3) can be deduced that applying an AC voltage signal
(frequency dependent) to the sensor, it is possible to extract the real and imaginary
part of the whole impedance.

On the other side, when a DC signal is applied just the real part is extracted. This
means that it is possible to deduce all the impedance components combining DC
and AC analysis techniques. These techniques, as well as their representations, are
explained in the next section.
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3.2.2 Cyclic Voltammetry, Amperometry, Impedance Analysis
(EIS) and Their Representations

Several analysis techniques can be carried out with Biosensors in order to extract
information about the analyzed substance. Some of the most used techniques are
cyclic voltammetry [33, 34], amperometry [35], potentiometric analysis and EIS
(Electrochemical Impedance Spectroscopy) [36]. Each technique will be applied in
function of the type of sensor and substance to be analyzed.

The instrumentation developed here is designed to work with cyclic voltamme-
try and amperometric analysis and also prepared to perform low-frequencies EIS
analysis.

The Cyclic Voltammetry (CV) method is widely used to study the products
of electrochemical Reduction — Oxidation (Redox pair) reactions in the elec-
trode/solution interface. It applies a triangular potential (Fig. 3.4a) between the
R — W electrodes while the current through the Working is measured.

Then, this current is represented in function of the applied voltage (Fig. 3.4b). In
that analysis, the max and min voltages, as well as the slope of the triangular wave,
have influences in the reaction [37].

At the beginning of the analysis (point a, Fig. 3.4b) the generated current is small.
Then, the current increases because the voltage approximates to the reduction poten-
tial (ab) and the electrons are forced to move from the electrode toward the analyzed
substance. The maximum transfer is achieved at the Reduction potential (b).

Once the voltage overcomes the Reduction potential (Vieq) the current gener-
ated decreases till point (c). Then, the current starts to decrease when the voltage

a) A c)
Vmax ftad Pemmsws s
= < A
= - | .
lox3] - - :
lox2|=—-~ | C1>C2>C3
Vmin lox1|~ "~ 77~ | [
L 3 -\
Ti (Time) Tf Vmin Vred Vmax
v
Ired‘ ____________ b (A)A fixed
|
: lox3
g g : ¢ lox2
lox v i lox1
| > (V) ca C2>C3 C1>C2 >t
Vmin Vox  Vred Vmax (Time)
b) d)

Fig. 3.4 (a) Cyclic voltammetry (CV) potential waveform; initial (T;) and final (T¢) time and max-
imum (Vpax) and minimum (Vyip ) voltage, (b) CV plot or voltammogram; oxidation and reduction
potentials (Vox, Vieq) and currents (Iox, Ireq), (¢) Several CV carried out with the same solution at
different concentrations ¢ and (d) amperogram; fixing a DC potential measure the current
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is reversed because the electrons are forced to move from the substance to the
electrode, defining the reversible Redox reaction. The minimum current is achieved
when the applied voltage is the oxidation potential (d).

The current generated is proportional to the concentration of the analyzed sub-
stance and the size of the electrodes [38]. So, if the same analysis with the same
type of sensors is carried out in the same substance at two different concentra-
tions, the generated reduction and oxidation currents are different as it is showed in
Fig. 3.4c.

At that point, the conception of the Amperometric analysis could be introduced.
A DC amperometric configuration consists in applying a constant voltage at the
R — W electrodes and measuring the current at the Working electrode.

Generally, the applied DC voltage is a potential where the electrochemical
reaction is maximized. Then, the substance concentration could be continuously
monitored and represented in an amperogram. Fig. 3.4d presents the idea of the
amperogram using the Oxidation voltage as a fixed potential.

Electrochemical Impedance Spectroscopy (EIS) technique consists in applying
an AC voltage to the R — W electrodes and measuring the resulting AC current at the
Working electrode. Then, it is possible to represent the impedance, or capacitance,
variations of the analyzed substance dividing the AC voltage by the current as it is
described in Egs. (3.2) and (3.3).

The typical representation of the EIS is the Nyquist diagram, where the imaginary
part of the impedance is plotted against the real one for several frequencies (from
low to high frequencies) [36].

Figure 3.5 presents a Nyquist plot for the ideal model introduced in Fig. 3.3.
If there is a modification in the concentration of the target substance, the total

x10° MNyquist Diagram

5% : :
: ¥ - __ _Rref=1M
' \\ __ Rref=500k

Cref = 100 pF

-Imag(w)

Real(w)

Fig. 3.5 Nyquist plot derived from computer generated data using Eq. (3.3)
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impedance of the sensor is also modified as well as the Nyquist plot (i.e. in capaci-
tive sensors the impedance is modified in function of the sensor capacitance, which
varies in accordance with the amount of substance detected). Moreover, there are
other types of EIS representation like bode plots, where the real and imaginary
values are plotted in function of the frequency [24].

Similar to the previous concept of DC amperometric analysis there is the AC
amperometry. It consists in using an AC signal at one defined frequency, where the
sensor is more sensitive to impedance variations. In that way, the real and imaginary
part of the impedance could be continuously controlled at the defined frequency by
simply using a specific electronic circuit.

3.3 Potentiostat (Sensor Instrumentation)

The Potentiostat Amplifier (PA) [39, 40, 41] is the name of the electronic instru-
mentation in charge to control the three Biosensor electrodes. Basically, the PA is
formed by two main blocks: Control (CM) and Transimpedance Modules (TIA),
Fig. 3.6. The CM keeps the difference voltage between the Reference (R) and
Working (W) electrodes constant by following a well-known input signal (V). On
the other hand, the Detection Module (TIA) measures the current flowing through
the W and it also provides a virtual ground to the Working electrode.

In the adopted implemented architecture, the Control Module is based on a com-
parator configuration and a buffer stage, whereas the Detection Module is formed
by a Current — to — Voltage converter (TIA). The selected topology is depicted in

] L.Cria
1

Fig. 3.6 Potentiostat architecture, generic block diagram (white) and implemented structure (grey)
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Table 3.1 Potentiostat expected features

Symbol Parameter Min Max Units
PsuppLy Power consumption <200 p W
VsuppLy  Voltage supply +0.6(1.2) *1225 V
Vin Input voltage to apply at Vy-Vgr +10m +1 v
Freq. Frequency at Vw-Vgr DC 10k Hz
IpET Current conversion (Iy) In 100 A

Fig. 3.6 and it is formed by five amplifiers, OP; to OPs, and three resistors, Ry to
R3. R11a and Rg are off-chip resistors [42, 43].

The designed potentiostat is focused on Low-Voltage Low-Power applications,
like integrated in-vivo monitoring or detection [44], and it is designed to work
with low-frequency integrated electrochemical Biosensors [29, 45, 46]. Moreover,
the selected topology presents a good trade-off in terms of design simplicity and
performance reliability. Table 3.1 summarizes the desired features for the PA.

3.3.1 Control Module (CM)

The Control Module is the specific part of the potentiostat designed to manage the
voltage applied to the sensor. This circuitry is in charge to apply and to control the
input voltage (Vin) between the Working (W) and Reference (R) electrodes, such
that, Vi, = Vw—VR where, VR is the voltage at the Reference electrode and Vw
at the Working electrode. The adopted CM is based on three operational amplifiers,
OP1, 2, and 3, Fig. 3.6.

OP3 monitors continuously the potential (VR) at the Reference electrode, in that
way, it is possible to control the voltage drop between W and R. Furthermore, OP 3
is used to ensure a minimal current flow through the R electrode (ideally zero) so, it
is possible to assume that:

Ic =1Ig + 1w

P }—>IC=IW (3.4)

where Ic is the current flowing from the Counter or Auxiliary electrode, Ir the cur-
rent in the Reference electrode and Iy the current flowing through the Working
electrode. The Reference voltage (VR) is then compared with the input voltage (Vi)
by OP2 defining the voltage applied at the reference electrode:

Vin =V, Voc —V
in DC _ DC R Vin = — Vi +2VDC

R Ry — } — Viy = —=Vg 3.5
R =R, Vpc =0

Since Vw = 0 thanks to a virtual ground connection (Section 3.3.2), the cell voltage
Vel is given by,
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Vce”v_ ‘gvo_ Vk } Veenr = —Vr (3.6
W =

Using this CM architecture it is possible to easily control the cell voltage and, hence,
to control the electrochemical reaction. Finally, OP1 isolates the input voltage from
the rest of the circuit. Regarding resistors R1 and R2, it is important to take into
account their values. Small values increase the consumption of the potentiostat.
Otherwise, the use of high resistance values could produce noise [47] and oper-
ational problems. Moreover, a careful layout between them is a must in order to
avoid mismatch problems and to reduce the final size of the integrated resistors.

From the previous explanation, it is deduced that amplifiers OP1, OP2 and OP3
have to be designed taking into account some considerations. OP2 requires a high
output current capability to drive properly the Auxiliar electrode, whereas OP3
requires a low input bias current in order to guarantee a minimum current flow-
ing in the Reference electrode. The maximum operation frequency is also another
important aspect to evaluate. If the desirable working frequency of the potentiostat
is 10 kHz (Table 3.1) this implies a unity frequency of, at least, 1 MHz for each
amplifier [47-49].

Figure 3.7 shows the selected architecture of the amplifier designed to accom-
plish all the design constrains introduced on Table 3.2. It is composed by a
differential PMOS input stage with a folded cascode current multiplier stage fol-
lowed by an AB output buffer. This topology presents a high output current and
slew rate capability for OP2 and low input bias current around 600 pA, enough for
OP3.

A differential PMOS input pair is used to assure a good response for low volt-
ages closed to 0 V [50], whereas a folded cascode current multiplier is implemented
to achieve enough gain and stability. Finally, a class AB output is selected as out-
put stage for its high current output capability, high slew rate and reduced power
consumption.

Vee

Current Source
Fig. 2.26

Vbias2
M17 F:I
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Vbias3 I
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Fig. 3.7 Schematic of the class AB operational amplifier for OP1, OP2 and OP3
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Table 3.2 Control module operational amplifiers design constrains

Amplifier Constrains

OP1; OP2; Op3 1 Unity frequency (f,) around 1 MHz
OP1; OP2; Op3 J Minimum input voltages

OopP2 1 Output current

OP3 J Input bias current

B e e vt ek em%-
-—" o ey, e I o oot e Tk e e e

Fig. 3.8 2.5V AB operational amplifier layout (445 pm x 656 pm)

Two different layouts have been designed. The first one focuses on working with
2.5 V (£1.2 V) supply voltage and optimizing the matching using symmetrically
structures, Fig. 3.8. Its main drawback is the huge size of its layout around 445
pm x 565 pwm. The second layout prepared to work with a supply voltage up to
1.2 V (£0.6 V) is also implemented. Its layout structure is similar to those shown in
Fig. 2.25 involving a total size of 180 wm x 50 pm, which is ideal for small,
portable and low-power System on Chip. Table 3.3 summarizes the experimental
electrical feature for each amplifier, 2.5 and 1.2 V voltage supply.

At this stage let us analyze the stability of the Control Module. It is important
to assure a perfect stability for all load conditions range (sensors) that the poten-
tiostat could work. In that way, problems regarding wrong measurements, wrong
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Table 3.3 Class AB amplifier experimental features (Ryoaq = 1 M 2, Coad = 20 pF)

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(x1.2) \
Voffset Offset voltage -15.84 -7.92 nwv
Fu Unity frequency 448.88 632.17 kHz
Ph Phase margin 59.32 61.19 °
Gpc DC Gain 105.64 115.13 dB
Vhoise Noise 16.41 14.89 1A%
Vhoise Noise -95.7 -96.54 Db
Icc Current consumption 57.462 74.696 nA
Pcc Power consumption 68.655 186.74 wW
SR @ 10 kHz Slew rate 0.1927 0.2608 V/us
SR @ 10 kHz Slew rate 0.1783 0.2971 Viws
Size W x L 180 x 50 445 x 565 wm X pm

sensor polarization or even extra heating dissipation in the AB operational or in the
potentiostat could be solved.

Basically, the stability involves resistances, R; — Ry operational OP1, 2 and 3,
and the Auxiliar and Reference electrodes. It is also assumed a perfect grounded
connection of the Working electrode through the Transimpedance Amplifier OP4
(Section 3.3.2). Hence, there is no influence coming from this part of the circuit
to the whole stability. Moreover, voltage follower amplifiers OP1 and OP3 can be
treated as a short circuit connection in order to reduce the complexity of the analysis.

3.3.2 Detection Module (I-to-V Conversion)

The Detection Module, as the name indicates, is in charge to detect the current flow-
ing in the Working electrode, which is the current generated by the electrochemical
reaction. The implemented solution is a Current — to — Voltage converter based on a
Transimpedance Amplifier (TIA).

Basically, the Transimpedance Amplifier has two main functions: the first one,
as it is commented above, consists on measuring the current in the W electrode;
whereas the second function consists in providing a virtual ground to the Working
electrode in order to guarantee Eq. (3.6) and hence, the correct operation of the
potentiostat.

The Detection Module based on a TIA is formed by OP4 and the programmable
feedback resistance Rty as it is depicted in Fig. 3.6. The current — to — voltage
conversion is done such that,

Vria = —IwR7a

R
Rg  — Vour = IwRpia— (3.7
—VTIAR— R3
3

Vour
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where Iw is the current through the Working electrode. Then, combining Egs. (3.2)
and (3.7) and taking into account the virtual ground connection in the W electrode,
it can be demonstrated that the Cell Impedance (Zcgr1) is described by:

. . Vw — Vg . Vi R RriaRg
Zeen (W) = Zi_g (W) = ——=L (jw) = —2— (jw) —= (3.8)
Iw Vour R3

In that way, combining the Control Module and the TIA, it is possible to detect
continuously the current, Eq. (3.7), and the impedance Eq. (3.8) of the biochemical
interaction. Voltammograms and DC amperograms could be represented directly
by using the proportional voltage Vout, whereas for impedance detection an extra
circuit is needed to find out the real and imaginary part (Section 3.4).

At the input of the TIA amplifier a high input resistance is necessary in order to
generate properly the virtual ground and the current conversion. If the resistance is
not high enough two drawbacks could appear: first, I-to-V conversion errors due to
high input bias currents and second, noise problems at the Working electrode mod-
ifying the virtual ground connection. To avoid those problems, JFET transistors are
the perfect choice to be used in the input pair thanks to its high gate input resistance
(= 10 GR) [51, 52]. Otherwise, extra specific input stages are necessary to increase
the input resistance if only MOSFET transistors are available.

The final TIA architecture is presented in Fig. 3.9. It is based exclusively on
MOSFET transistors. It is formed by a modified input stage to generate a high input
resistance (& G2) and a folded cascode as a second stage. Its input stage is com-
posed by a PMOS differential transconductance pair (M1 M2) with small width
transistors to increase the input resistance [53]. Then, an extra differential PMOS

Vee

Vbias_1€_[ Mz Ms ]—]:a Vbias1 E;]_] Mo
Mz E:i i Me
Vbiaﬁsj M4 Vbias2 F]

Vout
Mx

Mc RLoad
ClLoad
Vbias3 — Vbias3 >
M13 M14 M13
M1s M6 M15
Vss _13_
Cc

Fig. 3.9 Schematic architecture of the TIA amplifier
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pair (MX MC) is added to increase both, the input resistance and also the gain of
the whole input stage.

Finally, a folded cascode is implemented as a second and output stage. This cir-
cuit increases the input resistance as well as the total gain. Moreover, it isolates the
input and output stages while increasing the total bandwidth [53]. An extra capac-
itor Cc (5 pF) between the input and the output assures the stability for the whole
frequency range.

Since the output stage is an ordinary folded cascode, it is not possible to drive
enough current at the output, so it must be followed by an extra Gain amplifier
(OPS5), which is based on the class AB presented in Fig. 3.7.

Following the same idea introduced in the Control Module, two different layouts
have been designed. The first one focuses on working with 2.5 V and on optimizing
the matching using symmetrically structures, similar to Fig. 3.8. Its main drawback
also concerns its size of 280 pm x 390 pwm.

The second layout prepared to work with a supply voltage up to 1.2 V (£0.6 V)
is also made. Its layout structure is similar to the one shown in Fig. 2.25 a total area
of 180 pm x 50 pm ideal for small, portable and low power Systems on Chips.
Table 3.4 summarizes the experimental electrical feature for each TIA.

A feedback capacitor Cya, Fig. 3.6, could be added in parallel with Rya in order
to control the frequency response of the Transimpedance Amplifier and to define a
frequency filter [47, 54]. The cut-off frequency could be easily calculated using Eq.
(3.9) for a simple filter response.

1
foutof = 5o (3.9)
=l (27 Ry Cria)

The previous filter approach does not take into account the impedance of the Sensor
Cell. Hence, other type of filter responses could be adapted for more accurate fre-

quency restrictions. A 2nd order Butterworth [55] response is obtained following
Eq. (3.10):

1 B GBP
QrR7aCria) | (4 RpiaZcen)

(3.10)

Table 3.4 TIA experimental electrical features Ry paqg = 1 M2, Cpag = 20 pF

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \%
Voffset Offset voltage 23.1 14.36 nwv
Fu Unity frequency 398.68 570.17 kHz
Ph Phase margin 54.23 63.9 °
Gpc DC Gain 70.57 85 dB
Rin Input resistance 1.02 1.85 GQ
Icc Current consumption 30.25 51 nA
Pcc Power consumption 35.41 118.64 W

Size W x L 180 x 50 280 x 390 pm X pm
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where GPW is the gain bandwidth product of the TIA and the Zce; is the impedance
between Working and Reference electrodes. In that implementation, it is important
to know an approximate value of the Zce range to design properly the cut-off
frequency, Eq. (3.11).

GBP
fTItA_—But P G.11)
cut—off A RriaZcerr)

3.3.3 Results

Two potentiostats are designed in a commercial 0.13 pm technology (Appendix B)
from ST Microelectronics. One of them is focused on low voltage operation up to
+0.6 V and low area consumption. The second one, as it is commented previously,
is focused on working with a voltage up to £1.2 V and on improving the layout
matching. Figure 3.10 depicts the BIO-Chip with the two potentiostats as well as
other circuits.

Several tests have been carried out in order to validate the Control and Detection
modules of the potentiostat. First of all, the linearity and the PSRR of the
potentiostat have been studied using some Randles models.

i =

T

T
i ===

Fig. 3.10 Layout image of the IC “bio-chip” with the two designed potentiostats and the OTA
filter
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Then, the performances of the potentiostat are studied using several concentra-
tions of potassium ferrocyanide, K4[Fe(CN)]g [56] and a real sensor. Cyclic voltam-
mograms and amperometric analysis are carried out and the results are compared
with the ones obtained using a commercial instrument from CH Instruments [57].

The BVT Technologies AC1.W1.R1 [58] sensor is the selected option to proceed
with the measurements. It is a ceramic based sensor formed by a gold working and
auxiliary electrodes and a silver/silver chloride reference electrode. Furthermore, a
bio-chemically active substance could be immobilized on the working electrode to
create a Biosensor. That sensor is mainly focused on the measurements of glucose,
ferricyanide, enzyme activity and basic electrochemical and bio-electrochemical
techniques.

The test setup is composed by a LabVIEW [56] based software and a full-
custom PCB for the IC socket, sensor and other connections. Figure 3.11 shows
the PCB with the 68-pins BIO-Chip, the AC1.W1.R1 sensor and a capture of the
LabVIEW main window; on it, a voltammogram and an amperometric analysis

Sensor

TIFTEEENLL]

TIIRTIINTRINTYYY

LLTTITHITT

ELLEERLELELL LT L]

pr—— D/ votemetry E2S |

1 C:\Documents ard SettingstUsuaro 1\EscritoriolVatametry b _@'_l

Fig. 3.11 PCB bio-chip test board with sensor connections and AC1.W1.R1 test sensor (fop) and
lab-view acquisition program main window (bottom) [55]
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Fig. 3.12 Linear range of the
1.2 V potentiostat for an input
ramp of 100 mV

Chi 50.0mvV SFE SO.0mV W5.00ms CR1 7 160mV
Ch4 50.0mV

Mathi 50.0mv 5.00ms

could be realized (not at the same time). The results are displayed on the screen
and stored in a plain file for post processing.

In order to represent the sensor cell, a Randles circuit formed by the double-layer
capacitor (Crer = 100 pF), in parallel with a polarization resistor (Reef = 100 k€2),
which is also described as a charge transfer resistor, and the solution resistor
(Raux = 50 k), has been used, Fig. 3.3.

The linearity of the potentiostat amplifier has been experimentally validated. The
DC linear range for the 1.2 V (£0.6 V) potentiostat is £0.54 V, whereas for the
2.5 V (£1.2 V) potentiostat is =1.12 V with a deviation of less than 1% for both
of them. Taking into account that small DC voltages could be applied for in vivo
applications, the designed potentiostats have a correct range. Figure 3.12 depicts
the cell voltage of the 1.2 V potentiostat for an input ramp up to 100 mV.

Experimental transient tests have been also carried out to analyze the AC per-
formances and how the Ve follows an AC Vj, signal. Figurer 3.13 shows the
Working, the input and the TIA output voltages obtained with the 1.2 V potentiostat.

The Randles model uses a Ryyx = 3.9 MQ, Reef = 1 MQ and Cper = 100 pE.
The transimpedance resistance (Rtja) is fixed at 1 M. A sinus input signal is
introduced with a DC component of 50 mV and an AC component of 100 mVpp
and a frequency of 1 kHz. The Total Harmonic Distortion (THD) is around 2%.

The frequency response of both potentiostats has also been studied. A fixed
Randle model with Ryyx = 3.9 M, Rier = 1 MQ and Cef = 100 pF allows defin-
ing a cut-off frequency (F.3qp) around 1,500 Hz. The ideal frequency response of
the Cell Impedance is represented in Fig. 3.14.

Then, the experimental Zcj is obtained using Eq. (3.8) with Rty =Rg =Rz =
1 M. Both potentiostats have a maximum working frequency lower than 10 kHz,
2,200 Hz for 1.2 V potentiostat and 8,700 Hz for 2.5 V potentiostat. The 1.2 V
potentiostat experimental responses could be compared with the theoretical ones in
Fig. 3.14. There, it could be observed how the response of the potentiostat saturates
in its maximum working frequency.
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Vin (DC) = 50 mV
Vin (AC) = 100 mVpp
Freguency = 1 kHz

3 Biomedical Integrated Instrumentation

1.2V POTENTIOSTAT
Vec=12V
Vss = Gnd

Ch2 50.0mv

Ch1 50.0mV

®iE 100mVv

M 500us Chil s/ >94mv

Fig. 3.13 1.2 V potentiostat AC response. Vy is the voltage at the working electrode. Vi, is
the input voltage and Via is the voltage at the output of the transimpedance amplifier. A Randles
model formed by Ryyx = 3.9 MQ, Rief = 1 MQ2 and Cyf = 100 pF and a transimpedance resistance

of 1 M2 are used

Finally, both potentiostats have been calibrated before using them with real
sensors. The calibration is done using several values of Rer (470 k2, 1.2 M2,
1.5 M, 5.6 MQ) and applying a DC sweep between Working and Reference elec-
trodes. Moreover, the Ry resistance of the Randles model is replaced by a short
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Fig. 3.14 1.2 V potentiostat frequency response
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Fig. 3.15 Calibration curves for 1.2 and 2.5 V potentiostats for different R values

circuit between Counter and Reference electrodes and the transimpedance (Rya)
resistance is fixed at 1 M2 in both cases.

The procedure is simple: a DC sweep is performed for each calibration resistance
while reading the output voltage of the TIA. Then, the current (Iw = Vcell/Rrer =
Vr1a/RT1a) 18 represented in function of the applied DC voltage (Vcen), Fig. 3.15.
The waveforms show that both potentiostats detect the correct current value for all
voltages so, they are calibrated.

The last step consists in performing two electrochemical analysis, cyclic voltam-
metry and amperometric analysis, using five concentrations of K4[Fe(CN)]¢ (1, 2,
3,4 and 5 mM) in order to validate the designed integrated potentiostats. The results
are compared with the ones obtained with the commercial instrument CHI 1232A
from CH Instruments [57] (Appendix C shows some specifications).

The AC1.W1.R1 [58] sensor is connected to the potentiostats and a Cyclic
Voltammetry (CV) from —1 to 1 V at 0.05 V/s is carried out with the 2.5 V potentio-
stat and the CH 1232A for all concentrations. A CV from —0.6 to 0.6 V at 0.05 V/s
is done for the 1.2 V potentiostat. The results of each voltammetry are depicted in
Fig. 3.16.

The shape of the electrochemical reaction is almost equal in all three poten-
tiostats. The reduction and oxidation potentials are located around the same voltages
of 0.170 V and 0.240 V for all potentiostats as can be observed in charts (d), (e), (f),
(2) and (h).

The main difference lies in the current peak amplitude of the oxidation and
reduction points. A 2.5 V integrated potentiostat presents maximum difference of
8 WA with respect to the commercial one. On the other hand, the 1.2 V potentiostat
presents a higher difference around 12 pA; this could be caused by its lower input
impedance than the 2.5 V potentiostat in the Transimpedance amplifier.

However, part of these differences is due to reproducibility errors of the electro-
chemical measure; it is not possible to obtain the same exact result every time it is
performed the same experiment. The obtained CV waveforms are similar to those
that can be found in the literature like [33, 35, 59-61].

The last electrochemical analysis consists on performing an amperometric anal-
ysis of several concentrations of K4[Fe(CN)]g for the 2.5 and 1.2 V integrated
potentiostats and then compare the results with those obtained with the commercial
instrument.
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Fig. 3.16 Cyclic voltammetry behavior of the integrated potentiostats (1.2 and 2.5 V) and the
commercial instrument CH 1232A with the AC1.W1.R1 sensor and five concentrations (1, 2, 3,
4 and 5 mM) of K4[Fe(CN)]g in PBS using a scan rate of 0.05 V/s. (a) voltammograms obtained
with the 1.2 V Potentiostat Amplifier (PA) for all concentrations, (b) voltammograms obtained
with the 2.5 V PA for all concentrations, (¢) voltammograms obtained with the CH instrument for
all concentrations. Waveform comparison between the integrated and the commercial potentiostats
for all concentrations: (d) 1 mM, (e) 2 mM, (f) 3 mM, (g) 4 mM and (h) 5 mM
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Fig. 3.17 Amperogram recorded during the electrochemical reaction of 1, 2, 3, 4 and 5 mM of
K4[Fe(CN)]e in PBS for the three potentiostats. The applied cell voltage is 0.5 V for the 2.5 V
integrated potentiostat and 0.3 V for the 1.2 V potentiostat. The amperometries are compared with
the ones obtained by the commercial instrument CH 1232A (CH)

For the 2.5 V integrated potentiostat a potential of 0.5 V is applied to the amper-
ometry whereas for the 1.2 V potentiostat a voltage of 0.3 V is used. The obtained
amperograms are presented in Fig. 3.17 where can be compared with the ones
obtained with the CH 1232A. In that case, the results are similar between the com-
mercial and the full-custom integrated potentiostats. The current peaks are produced
when the new concentration is added to the solution. They can be reduced using a
low pass filter in order to avoid them in the design of some applications.

Finally, Table 3.5 summarizes the hardware specification for each designed
integrated potentiostat.
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Table 3.5 2.5 and 1.2 V potentiostats hardware specifications

Symbol Parameter Value Units

Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \Y
Potential® Vel voltage 1 (£0.5) 2 (£1) \

Max. current Max. current detected +1 +1 mA

Min. current Min. current detected +1 +0.1 nA

Freq. Max. working freq. 2,000 8,000 Hz

Pcc Power consumption 240 580 W

Size W x L 1,700 x 900 300 x 250 pm X pm

4Voltage across Reference and Working electrodes

3.4 Low-Frequency Lock-In Amplifier

As previously commented, in some cases the sensor gives the information about
the electrochemical reaction by modification on its impedance [28]. Not a full
Electromechanical Impedance Spectroscopy (EIS) is carried out and a variation of
the Biosensor impedance (or capacitance) is just sensed at one or various defined
frequencies where the sensor is more sensitive to changes on the analyte concentra-
tion [62]. In those cases, a specific electronics able to evaluate the complex value of
impedance is necessary.

Label free impedance Biosensors can detect a great variety of targets, like pro-
teins, DNA, small molecule sensors [63], cell-based Biosensors [62, 64], etc. Due
to their low cost, low power and ease of miniaturization, electrical Biosensors hold
great promise for applications where minimizing size and cost is crucial, such
as point-of-care diagnostics, biological warfare agent detection and integrated
in-vivo point-of-care detectors.

The signals to be measured have often very small amplitude and they are usually
in a very noisy environment. Then, it is mandatory to extract the signal from the
noise and a very promising approach is based on the use of a lock-in amplifier [65]
capable to identify the real and imaginary parts of the complex impedance while
reducing the effect of the noise [66, 67].

Looking for this kind of implementations, there is a trade-off between complex-
ity, area, power consumption, with the desired measurements and the electronic
implementation. In that way, a fully-integrated DSP solution, as a digital lock-
in amplifier, would present a big challenge to develop an implantable low power
device. Obviously, commercial lock-in amplifiers are costly and large, and they are
not suitable for portable electronics.

A miniaturized solution based on an analog lock-in amplifier module has to be
designed in order to measure impedances associated with the analysis of biological
cells, in the frequency range of interest. A digital solution is not developed due to
its large silicon area needed in the integrated implementation and its higher power
dissipation compared with a full-custom analog solution.
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Following this assumption it is designed (schematic and layout level) an analog
lock-in amplifier as an electronic interface for implantable low frequency Biosensors
applications. The presented design looks for a very small power consumption
working at very low power supply (1.2 V).

3.4.1 Lock-In Amplifier Architecture

The impedance detection [68] is carried out by introducing an AC signal to the sen-
sor; hence an AC signal is obtained in the sensor output. In that way, when working
with amperometric sensors, an AC output current is obtained and the impedance
could be defined as the division between the input AC voltage and the output current.

The input voltage is applied to the three electrodes Biosensors using the control
module presented in Section 3.3.1. On the other hand, a transimpedance amplifier
converts the output AC current into a proportional voltage as it is detailed in Section
3.3.2. At that point, it is introduced the lock-in circuit to detect the real and imag-
inary parts of the impedance. Figure 3.18a presents the block diagram structure of
the impedance analyzer instrument.
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Fig. 3.18 (a) Lock-in module position in the potentiostat structure and (b) Lock-in amplifier block
diagram

The integrated lock-in is based on two Synchronous Demodulated Channels
(SDG) and a Clock Generation Circuit (CGC), Fig. 3.18b. Both channels are used
to find, at the same time, two DC components that are related with the real and
imaginary values related with the Biosensors. The Front-End is composed by an
input pre-amplifier used to feed the incoming signal from the I-V converter to the
voltage accepted by the channels. On the other hand, the Back-End demodulation is
formed by an inverter amplifier, two Low Pass Filters (LPF) and two transmission
gates (TG) [69]. This TG demodulator acts as a multiplier.

The adopted Pre-Amplifier configuration is a wide-swing, rail-to-rail output
stage with feedforward class-AB control [66, 67] presented in Fig. 3.7 with a
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Fig. 3.19 Back-end implementation of the synchronous demodulated channels (SDC)

gain-bandwidth product of 300 kHz for a load capacitor of 20 pF. This pre-
amplification is included in the I-V conversion stage.

The demodulator is a multiplier. It takes the input and the reference signals and
multiplies them together. When you multiply two waveforms together you get the
sum and difference frequencies as a result. Since the input signal and the reference
signal are of the same frequency, the difference frequency is zero and you get a DC
output which is proportional to the amplitude of the input signal and the cosine of
the phase difference between the signals.

By adjusting the phase of the reference signal using the reference circuit, the
phase difference between the input signal and the reference can be brought to zero
and hence the DC output level from the multiplier is proportional to the input signal.

The Back-end implementation of the Lock-In amplifier is presented in Fig. 3.19
with the inverter and the real and imaginary channels. Furthermore, two voltage fol-
lowers are included in the non-inverted line to compensate the delay error between
channels. Both, the inverter and the follower, use the same previous class AB
amplifier.

The Clock Generation Circuit generates the 4 clock signals for the transmis-
sion gates (TG) with the same AC signal used to drive the electrochemical cell,
Fig. 3.18. Hence, this four clocking scheme defines the on/off state of the analog
TG’s for a synchronous rectification. Moreover, a Dead Time generation is intro-
duced to reduce the clock feed-through noise [70] as well as, a dummy half size
transistor to cancel the charge injection errors.

The first step in the Clock Generation scheme consists on generating a 90%
delayed signal from the input ones. This means that the real channel reference clocks
are based on a sinus waveform whereas the imaginary channel is controlled by a
cosines signal obtained by integration of the original sinus signal.

The 0 and 90° signals are obtained following the architecture depicted in
Fig. 3.20. Since a low frequency operation is expected, a classical integration topol-
ogy based on a class AB operational amplifier is chosen. Its transfer function is
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Fig. 3.20 (a) Clock generation circuit architecture and (b) Integrator topology

defined in Eq. (3.9). Moreover, Eq. (3.10) has to be maintained to guaranty the best
integration ratio as well as a unitary gain.

Rl/Rz
H) = ——————— 3.12
) == R + 1 (3-12)
Z1 =2, = Ry = (C1||Ry) (3.13)

Two important remarks when using this kind of integrators: First, capacitor C;
has to be pre-charged during the start-up and second, it must be stated that the
impedance should be matched so, if the frequency presents a huge range variation,
the capacitor C; should be changed or other solution must be adopted. Just as in the
Back-end, a voltage follower is introduced to compensate the delay produced by the
integrator.

Moreover, an extra follower is added at the beginning of the Clock Generator
to compensate the delay between the clock generation and the Back-End stage. In
that way, all generated on-chip signals present the same delay so, the final error is
reduced.

The last step consists on generating the square clock signal from the 0 and 90%
sinus waveforms. This is accomplished by using comparators based on the structure
presented in Fig. 2.45, Section 2.3.3.2. Figure 3.21 shows the two clock generated
signals and the delay between them. It is compensated by adding followers in the
Clock Generator circuit and in the Back-End stage.

Later, the two out of phase signals are introduced in the Dead Time Generator
to drive properly the CMOS Transmission Gates with four non-overlapped clock
signals per channel. Also, dummy half size transistors have been used to cancel the
charge injection errors.

Then, the two signals coming from the Transmission Gate rectifiers are filtered
through two active low-pass filters (Section 3.4.3) thus, two DC components are
obtained, VRgout and Vimout, One per each channel. Finally, the magnitude and phase
of the impedance are obtained afterwards combining both DC values using Eqgs.
(3.11) and (3.12).



118 3 Biomedical Integrated Instrumentation

l- Dead Time Generator e s

I Clock Delay

| grmsimsmsimsem ClkCoS_SD ImClk 1 /ImClk 11
Clk_COS i D D |

)
Clock Delay i

I
E iClkCos_AD ImClk 2 NmClk 2 |
1
-,—{ >-—] e——— :

I
I
I
I
[ |
: P - ClkSin_SD P> ReClk 1 P> /ReClk 1]
|
I
I

i 1
CIk SIN ik Dy} = 1=

I M —— — 1
: i ClkSin_AD D ReClk 2 ]D ReClk2 | : N !
-------------- - | e e A S S L R R s s

c)

Fig. 3.21 (a) Dead time generation structure, (b) detailed schematic of the delay generation and
(c) illustration of delay operation

Magnitude = | Vg, .+ Vi (3.14)

Phase = Tan™" (Vistou | VREou) (3.15)

3.4.2 Lock-In Simulation Results

The performance of the lock-in amplifier is analyzed using the extracted views of
the circuitry. An ideal AC signal is used to define the input sinusoidal module and
phase (V). Fixed amplitude of 60 mV is selected whereas the phase is changed
between different values.

Regarding the two DC voltage levels at the output of the filters, Vrgoy and
ViMout, the theoretical amplitude and phase are compared with the calculated values
using Egs. (3.11) and (3.12), for a particular frequency of 10 kHz. A maximum error
of a 2% is obtained in the Amplitude measurement (AgRrR).

Figure 3.22 depicts the Phase simulated values compared with the theoretical
ones. In that case, an error around 1% (Pgrr) is achieved. Both error values, Mgrr
and PgrRr, are good results taking into account the reported errors by the commer-
cial SR830 lock-in amplifier by Stanford Research Systems®, which presents an
Amplitude error (AgrRr) around 2.29% @ 10 kHz, as a reference [43].

Table 3.6 presents the simulated performance of the lock-in amplifier when there
is some noise applied at the input signal of 60 mV. The table shows the obtained DC
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Fig. 3.22 Phase comparison between the calculated (Ph teo) and the simulated (Ph exp) results

Table 3.6 Simulated DC magnitude (V1) and Phase (¢) obtained with the lock-in amplifier when
different noise levels are applied at the input signal of 60 mV @ 10 kHz, V¢ = 1.2 V. (@0 (°) =
theoretical phase; Vpoise = noise amplitude; Fyoise = noise frequency; |Vy| = magnitude, Eq.
(3.11); €|VMm| = magnitude error; @exp = phase, Eq. (3.12); €gexp = phase error)

Preo (°) Vnoise (mV)  Froise (Hz)  [VMm[ (mV)  €|Vpm| (mV) Pexp ©) €‘Pexp @)

0 5 500 59.89 0.11 1.1 1.1
45 5 500 59.52 0.48 4479 021
0 100 500 59.86 0.14 1.13 1.13
45 100 500 59.2 0.8 4499  0.01
0 5 15k 59.88 0.12 1.1 1.1
45 5 15k 59.06 0.94 4492 0.08
0 100 15k 59.98 0.02 1.11 1.11
45 100 15k 59.04 0.96 4547 047

value of the Magnitude, Eq. (3.11), the Phase, Eq. (3.12), and the error produced in
the detection of both magnitudes.

The total power consumption of the lock-in amplifier is 715 wW for a power
supply of £0,6 V. Table 3.7 presents the consumption for different input amplitude
voltages and power conditions whereas Table 3.8 summarizes the most important
electrical characteristics of the designed lock-in amplifier.
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Table 3.7 Lock-in amplifier power consumption in function of several input voltages amplitudes
and power supply voltages

Input (10 kHz)

Vsupply(V) Vin(mV) Power (W)
+0.6 V 60 714 n
+0.6V 100 713 p
+1.25V 60 1.2m
+1.25V 100 1.2m

Table 3.8 Lock-in amplifier maximum values

Symbol Parameter Value Units
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) \'%
VN Maximum input voltage 0.6 (£0.3) 1.2 (£0.6) \"
Freq Maximum input frequency 10 10 kHz
€|Vum| Magnitude error 2 1.7 %
Cexp Phase error 1.2 1.03 %
Pcc Power consumption 715 1,200 W

3.4.3 Active Low-Pass Filter

Two active low-pass filters are used as a last step of the previous Lock-In amplifier
architecture. They filter any kind of noise and high frequency interferences in order
to reduce errors in the obtained DC signals.

Since the integrated filter must present a very low cut-off frequency, ranging from
0.1 to 30 Hz, some classical solutions like Sallen-Key filter could not be adapted
because high values of resistances and capacitances are necessary and then, the IC
integration is not possible. A gm-C second-order LP filter is adopted to accom-
plish the frequency requirements and to be able to integrate the necessary capacitors
values.

The final implementation uses a degenerated transconductance amplifier (OTA)
to define the gm of the filter [71]. This architecture allows defining small transcon-
ductance values in the range of few nS [47, 54].

Figure 3.23 shows the schematic of the implemented OTA as well as the in/out
current relation. The source degeneration increases the input range of the amplifier
and also decreases the equivalent transconductance.

The ratio (M:N) between the current mirrors decreases the current level at the
output, which results in an even minor value [72]. These current mirrors are based
on composite transistors, used to reach greater copy factors.

Important remarks must be followed when designing this type of current mirrors
in terms of layout. A better matching is achieved with techniques like common
centroid geometry and with multifingers because large numbers of unit transistors
are matched together. Figure 3.24 depicts the OTA’s layout.
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Fig. 3.24 Degenerated OTA layout

The equivalent transconductance (gm) for this amplifier is 4.25 nS, for an input
range up to £400 mV and a supply voltage of 1.2 V. The OTA amplifier presents an
input offset <1 mV, a THD of 0.03%, and a power consumption around 0.5 pW, for
the typical case (TYP Model).

A lower nominal transconductance value up to 1 nS could be achieved. The min-
imum gm value is limited by the leakage currents off each current mirror branch.
Table 3.9 summarizes the OTA electrical specifications.
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Table 3.9 Degenerated OTA electrical features

Symbol Parameter Value Units

Vce Power voltage 1.2 (£0.6) 2.5(£1.2) v

VOffset Offset voltage 770.1 -982.54 nwv

Vin Input voltage range 0.8 (0.4) 1.9 (1) \%

F3dp Cut-off frequency 32.95 43.39 Hz

m Transconductance 4.241 4.487 nS

THD Total harmonic distortion 0.273 0.0073 %

Icc Current consumption 480.4 570 nA

Pcc Power consumption 582.76 1,124.36 nW

Area W x L 380 x 186 pm X pm

The basic structure of the 2nd order filter is depicted in Fig. 3.25. It is formed
by two OTA amplifiers (gml, gm2) and 2 capacitors. Its transfer function is defined
by Eq. (3.13) where V4 = Viy and Vg = V¢ = 0 V whereas the cut-off frequency
(wo) is described by Eq. (3.14) where gm; = gmy = gmy.

Vout =

_ 52C1CoVe + sCi1gma Vi + gmigmaVa

§2C1Cy + sCirgmo + gmigmo

gm

wo = —

Ci G

(3.16)

(3.17)

An important factor to define the selectivity of the filter is the Quality factor (Q)
that is described as the resonant frequency (fp) divided by the bandwidth (f—f>) [73].
The higher the Q, the higher the selectivity resulting in a bandwidth decrement of
the filter. In that specific design, looking for low cut-off frequencies, high values of
selectivity could be achieved following Eq. (3.15).

_ _fo
= AT
Va

Om1

Fig. 3.25 2nd order gm-filter
based on OTA amplifiers

Ci

(3.18)
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Fig. 3.26 Layout of the 4th order filter based on OTA amplifiers

For a quality factor Q of 0.7 is derived that C; = 2 C; because in that design
gm; = gmy = gm [73]. For a cut-off frequency of 3 Hz, and gm = 4.25 nS, then
C; = 100 pF and C, = 200 pF. These are huge values to be integrated. Then, for a
test approach, C; = 10 pF has been adopted defining a cut-off frequency of 47 Hz.
Moreover, a four-order filter is designed connecting in cascade two 2nd order
filters. It presents a better frequency response and roll-off decay, but in terms of area
and power dissipation, it has been considered to define a cut-off frequency around
30 Hz and a C; = 10 pF. This filter has a power consumption of 50 W, and a
size of 770 pm x 575 pm. Figure 3.26 shows the layout of the 4th order LP filter.
The second order filter follows the same structure with just two integrated OTA’s.
Finally Table 3.10 summarizes the experimental electrical features for both filters.

Table 3.10 2nd and 4th order filter characteristics

Parameter Value
Filter ~Type of filter ~ 2nd order 4th order
Vce Power voltage 1.2 (£0.6) 2.5(£1.2) 12(£0.6) 25(£1.2) V
Vin Input voltage 0.8 (0.4) 1.9 (1) 0.8 (0.4) 1.9 (1) \%
F3ap Cut-off freq. 474 49.34 31.95 23.18 Hz
2m 4.241 4.487 4.241 4.487 nS
BP Attenuation >40 >60 >80 >80 dB
Pcc Consumption 1.12 19 2.3 3.96 W
Area L x W (um) 400 560 775 570

3.5 Biotelemetry for Implanted Devices

Biotelemetry [2, 74—76] consists of transmitting the information obtained from the
patient to the signal processing or reception unit using a wireless link. This tech-
nique is used in some medical instruments, like in ECG [77], in order to monitor



124 3 Biomedical Integrated Instrumentation

a patient while giving full mobility to the subject. Moreover, this is one of the best
methods to isolate the patient from the power lines avoiding the risk of electric
shocks.

The transmission of the information is an important challenge to solve for those
implanted devices under the human skin and, Biotelemetry, is one of the most suit-
able techniques to establish a communication between the internal detection unit,
under the human skin, and the external reader.

Solutions based on wires are also studied in the bibliography but they present
some technical problems, like possible infections and the inconvenience of wearing
wires through the skin, and nowadays are not widely used.

Two types of Implantable devices can be distinguished: the first ones known as
monitor devices [78] and the second ones known as detection devices [79].

Monitor consists on sending continuously information about the state of the
patient or about the substance to be analyzed to the external reader. On the other
hand, detection devices just send information about specific important points of the
state of the subject or substance.

Le. in a monitoring device the glucose is sensed continuously and the results
are transmitted also continuously or periodically [80, 81]. If a detection device is
used, the glucose is sensed continuously but just some important threshold values
are transmitted. So, two types of data transmission modes can be defined depending
on the type of the implantable device:

e Mode RAW/CONTINUOUS data transmission:

Itis used in Monitor devices because it allows high data rates, lots of bidirectional
information can be transmitted continuously. Normally, it uses an extra dedicated
antenna for communication because the transmission frequency is higher than the
used for inductive powering (Fig. 3.27).

It implements complex analog and digital modulation mechanisms [82] in order
to send as much information as possible. Furthermore, time and frequency mul-
tiplexing of several signals is also possible [83]. The main disadvantage regards
the high power levels required for the transmission and processing. Specific low
power circuits like receivers, emitters, transponders [84] ... have to be developed
specifically for implantable devices [85, 86] to avoid problems regarding thermal
transference with the biological tissue around it.

e Mode SINGLE data transmission:

It consists in sending small amount of information, just some bits or bytes. The
idea is to transmit the necessary data to advice the external unit about some specific
point (or points) with medical interest.

Since the transmitted data rate is low it is possible to use as a carrier frequency
the same as the one used for the inductive powering [87] then, a modulation method
called backscattering could be used.
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Fig. 3.27 Continuous and single communication data methods block diagram

It consists in modifying the inductive coupling between the primary and remote
coil. The transmission could be done in both directions, from the primary to the sec-
ondary coil by modulating the magnetic field, and in the opposite direction changing
the impedance, tuning frequency or power consumption of the secondary coil. In that
way, a variation in the induced secondary coil magnetic field produces a variation
of the primary coil voltage defining an AM modulation as seen in Fig. 2.27.

The circuits involved on this kind of transmission are less complex than the ones
used in the continuous mode, therefore the involved power is also smaller. This is
an important reason to select that mode to develop detection implantable devices.
Moreover, the simple procedure for data communication using the same magnetic
field created by the power transmission coils is an extra added value for implantable
devices in order to reduce the total size of the device and to reduce the impact in its
biological environment.

3.5.1 Low-Power Single Data Transmission Protocol

As itis introduced a Single Data Transmission consists in just sending some specific
points of the evaluated data. The implemented transmission approach uses a com-
parator block able to detect three different threshold points and a monostable [88]
based circuit to transmit the data.

The block diagram of the communication module is presented in Fig. 3.28. It is
formed by 5 sub circuits, a threshold generator circuit (Vth Gen.), a low-pass filter
(LPF), a Comparator Module, a DC Modulation and a monostable based circuit.
The low pass filter (LPF) is used to reduce the noise in the input voltage. Then, the
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Fig. 3.28 Modulation/data processing block diagram

filtered signal is introduced to the comparator circuit where the threshold points are
detected (interesting points).

Later on, and depending on the result of the comparison, the Modulation Circuit
activates the modulation through the DC switch. The internal threshold voltages are
generated on-chip and could be selected using signals S3 and S4.

The designed LPF is based on the 2nd order OTA filter presented in Section 3.4.3
with a cut off frequency of 50 Hz. The filter reduces problems regarding glitches and
fast transient noise signals avoiding problems in the level detection. It reduces the
risk of transmitting false positives to the main station.

The AM communication is done following the idea presented in Fig. 3.29. The
circuit monitors the incoming voltage Vin and, in function of three threshold volt-
ages (Vin1, Vin2 and Vy3), modulates the amplitude of the signal at the internal
antenna.

A Power-On-Reset (POR) signal activates the circuitry when there is enough
voltage to drive properly the circuits, start-up time (Tsyp), and the antenna starts
to transmit continuously a series of ones. At that point, the Modulation/Data
Processing unit is prepared to transmit the detected threshold voltages.

3
1Ty o] 00O

hTsup Tth1 Tth2 Tth

e 325 Il R

protocol
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When the input voltage reaches the first threshold level the system transmits one
zero (T1) to the external reader. Two zeros are transmitted (Ty,p) if the second
comparator threshold value is reached by Vn. Finally, when the third is achieved
a series of three zeros are sent (Ty,3). Several on-chip threshold voltages could be
selected using S3 and S4 (Section 4.2.7).

A default zero time slot interval is defined as 250 ms (Ty,; = 250 ms). This time
is controlled by an external capacitor, Cprg, connected in the monostable based
circuit. The time slot is controlled by the charging time of the Cprg defined as

CprG - AV =1- AT (3.19)

where [ is the current injected to the capacitor by the diode connected transistor
(Monostable circuit, Fig. 3.28), AV is the defined threshold voltage of 0.8 V used
to activate the inverter gate of the monostable circuit and AT is the desired time slot
used to define a transmitted zero. The time slot (Ty,1) could be easily modified by
changing the value of the capacitor, Cprg. Table 3.11 presents some examples of
capacitors and its defined time slot.

Table 3.11 Time slot (Ty,;) definition using Cprg

I(nA) AV(V) Tih1 (ms) CprG

1 0.8 125 150 nF
1 0.8 250 320 nF
1 0.8 500 625 nF
1 0.8 750 950 nF
1 0.8 1,000 1.25 uF

The comparisons of the input signal with the threshold voltages are achieved
using three low-power comparators. The selected ones are based on the circuit
explained in Section 2.3.3.2 (Fig. 2.45) with a reduced hysteresis of 5 mV. The
introduction of the hysteresis helps the LPF filter to reduce noise problems with the
input signal.

Then, the signals generated by those comparators are used by the logic circuitry
to transmit the number of zeros. If more than one zero has to be transmitted, the
circuitry re-starts again the monostable circuit. The total power consumption of
this block is 1.2 wW. An example of the communication protocol mechanism is
presented in Section 4.3.

3.6 Chapter Conclusions

A three electrodes amperometric sensor is formed by the Counter, the Reference
and the Working electrode. It generates a current proportional to the electrochemical
reaction that occurs in the W electrode. Different electrochemical techniques, Cyclic
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Voltammetry, EIS. . . can be applied to know the behavior of the reaction for several
conditions.

The Potentiostat Amplifier (PA) is the electronic circuit used to deal with the
three electrode Biosensors. It is basically formed by two blocks: (1) the Control and
(2) the Current Detection Module.

The Control Module regulates the voltage across the Reference and Working
electrodes in order to control perfectly its voltage. This is important for the elec-
trochemical reaction that takes place in the W electrode. Three class AB operational
amplifiers have been used to implement this block. On the other hand, the Detection
Module is in charge to detect the current generated by the reaction at the Working
electrode. In this work a transimpedance amplifier is the selected option.

Two low-power potentiostats have been finally integrated on silicon. The first one
is designed to work up to 2.5 V or 1.2 V, whereas the second one is designed for
low-voltage applications with a voltage up to 1.2 V or £0.6 V.

Both designs are tested with a commercial three electrodes sensor and with a real
electro-active substance, K4[Fe(CN)]g. The results of several Cyclic Voltammetries
and amperograms are compared with the ones obtained with a commercial poten-
tiostat. Thus, it can be assured a perfect operation of the integrated PA in the
desired current ranges assuring a lower power consumption and area than the
commercial one.

This chapter also introduces the design and conception of a complex impedance
detection circuit called Lock-In amplifier. This circuit, theoretically introduced, is
based on the use of two Synchronous Demodulated Channels to obtain the real and
imaginary parts of the complex impedance. Then, the circuit is validated through
several simulations.

Finally, the concept of Biotelemetry is explained and a simple low-power proto-
col for transcutaneous transmissions is developed. It is based on the backscattering
concept that consists in changing the impedance of the implanted coil to modify the
coupling factor of the inductive link.
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Chapter 4
CMOS Front-End Architecture for In-vivo
Biomedical Subcutaneous Detection Devices

Abstract This chapter describes the design and conception of the Self-Powered
CMOS Front-End Architecture for a Biomedical Subcutaneous Device. The entire
architecture is presented in detail as well as the powering and communication
through the inductive link. The power and communication antenna and the connec-
tions between the MHCP IC (Chapter 2), the BioChip IC (Chapter 3) and the sensor
are also detailed afterwards. The results obtained with the final capsule prototype
with a size less than 4.5 cm x 2.5 cm are shown and commented in depth. Problems
regarding misalignments between the internal and external antennas are studied and
the SOA (Safety Operation Area) region is introduced. Finally, the prototype has
been validated as a detector.

Keywords Low-power instrumentation amplifier - Wireless implanted
devices - Self-powered device - Event detector implantable device - Inductive
power transmission - Biomedical telemetry

4.1 Introduction

The integration of medicine and electronic technologies allows the development
of biomedical devices able to diagnose and/or treat pathologies by detecting
and/or monitoring pathogens, multiple ions, PH changes, and so on. Nowadays,
the advances in different areas such microelectronics, microfluidics, microsensors
and biocompatible materials open the door to develop human body Lab-on-Chip
implantable devices and Point-of-Care in vitro devices [1, 2, 3]. As a result there
are continuous monitoring systems able to develop clinical tasks in less time and for
lower-cost that the usual tests, like ELISA technique [4].

Different problems should be overcome to obtain the ideal implantable device
[5]. The device must be biocompatible to avoid undesirable reactions within the
body. Furthermore, it must provide a long-term stability, selectivity, calibration,
miniaturization, and reproducibility and power in a downscaled and portable device.

Power and communications are also key aspects in the conception of an
implantable device. The first one resides in the way to transfer enough energy to
power the device, whereas the second one consists in the integration of the necessary
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instrumentation and communication electronics to control the sensors and to send
the information provided by the sensors through human skin.

An inductive coupling RF power harvesting is a growing alternative method for
transmitting energy to the implanted device, substituting the use of batteries or wires
[4, 6, 7]. Furthermore, this alternative permits to establish a bidirectional commu-
nication between the implanted device and an external interface (base or reader)
[8-12].

The basics of this RF mechanism are the same as the RFID tags, where the
implanted device acts as a tag. Some implantable telemetry circuits based on
inductively coupling can be found in the literature like in [13-16].

Although, a lot of works are focused on the development of robust electron-
ics for in-vivo monitoring, this means, continuously sensing, recording and data
transmission of the obtained information of the studied substance, not all the in-
vivo applications need these electronics. There are other less studied applications
more focused on the detection of presence or absence of a certain levels of proteins,
antibodies, ions, oxygen, glucose, etc.

These in-vivo event detection circuits, or True/False applications [16], work as
an alarm; when the analyzed concentration level exceeds, under or over, a threshold
value or the system detects the presence of zero-tolerance pathogens like salmonella
[16], the system sends to an external reader a signal indicating the fault or showing
the value as in some pregnancy tests. 230

For instance, in the case of glucose monitoring, such as the detection of a thresh-
old decrease in the glucose level, it is mandatory to avoid critic situations like the
Hypoglycemia [11, 12, 17]. There are different approaches for continuous glucose
monitoring. From commercial solutions, like the blood glucose tester by Cygnus
Inc. [18], to subcutaneous Minimed Medtronic [18] and Abbott Inc. [19] solutions,
which control the glucose level every 3—5 min. They are placed just under the skin
with a closed-loop control to delivery insulin and an autonomy of 3-5 days because
biofouling problems. Otherwise, solutions looking for a minimum biological impact
are also reported [20-22] including an inhibitor to resist biofouling, coating needle
type electrochemical sensors.

In terms of the sensors, electrical Biosensors like label-free Biosensors are great
candidates to be integrated due to their low cost, low power and easy miniatur-
ization. Recent developments applied in the field of glucose monitoring [23, 24],
pregnancy test or DNA [25] are examples of the potentiality of these electrical nano-
biosensors. Their electrical behavior could be voltammetric, amperometric or an
impedance variation.

In some sense and depending on the type of application, it is not necessary
to measure and send raw (continuous) data with high accuracy, from the internal
mote to the external unit, when the detection of vital signs or threshold values is
enough for the monitoring purpose. Hence, implantable detection devices work-
ing as alarm or on/off detectors with some local processing would save power and
communication requirements.

The implantable system in Fig. 4.1 will be a platform to perform a true/false
alarm monitoring for different targets, which will be transferred to a central
data-base where all the inputs will be personalized for each patient. The collected
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Fig. 4.1 Conception of the implantable detection device

data will be measured at different scenarios: when the patient is at rest, doing some
type of physical activity, which presents some medical interest for good prognostic
and diagnostic outcomes [26].

The system will be concerned in research as a complement to study constantly the
patients when they are carrying out their usual daily activities in normal conditions
(outdoors). In that way, it is possible to avoid secondary effects like psychological
alteration caused by the stress of being in a hospital with unknown people etc. . .

At this stage, it is proposed a generic implantable front-end architecture based
on inductive coupling for in-vivo presence or absence detection of pathogens, ions,
glucose, oxygen concentration, etc, for a generic amperometric Biosensor applica-
tion. The in-vivo event detection circuits [16] work as an alarm. When the analyzed
concentration level is out of a range of accepted values, a threshold value activates
the alarm. The detection will take place when the amplitude of the measured signal
crosses a specified threshold value [27].

Two final prototypes have been developed to validate the conception of the inte-
grated device. These prototypes combine two full custom IC’s, MHPC and BioChip,
the Inductive link with a 13.56 MHz antenna, and the connections for the three
electrodes amperometric sensor.

4.2 Front-End General Architecture

A general structure of blocks for an implantable device powered by an inductive
coupling is presented on Fig. 4.2. It is comprised of a Biosensor, an antenna and
eight electronic modules. A three electrodes amperometric sensor has been used
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Fig. 4.2 Proposed generic implantable front-end architecture

to explain and develop the system. Anyway, it is easy to adapt the topology for any
kind of sensor by simply modifying two modules: the Sensor Control and the Sensor
Conditioning.

The three electrodes that compose the sensor are: (a) the Working electrode (W),
which serves as a surface on where the electrochemical reaction takes place; (b) the
Reference electrode (R), used to measure the potential at the W electrode, and (c) the
Auxiliary or Counter electrode (A/C), which supplies the needed current required
for the electrochemical reaction at the W electrode (Section 3.2.1).

The system is conceived as an active RFID Tag [22, 28] where the inductively
coupled link, generated by the implantable and by the external antenna, is able to
supply enough energy to power all the system. It provides a wireless bidirectional
communication through the human skin, transmitting in this way the information
obtained by the sensor and receiving data from the external reader to configure the
implanted electronics [29, 30].

As a detector of absence or presence of any substance the system works as fol-
lows. When the inductive link delivers enough (plenty) energy and the on-chip
voltage regulators work properly, a power-on signal activates the electronics. At
this point the Sensor Control module drives the amperometric Biosensor with the
voltage provided by the Vin Generator. When this voltage is applied between the R
and W sensor electrodes the reaction takes place and the sensor starts to generate a
current proportional to the reaction.

This current is then measured and conditioned by the Sensor Conditioning mod-
ule and the signal is forwarded to the Modulation/Data Processing module. In this
block, the absence/presence detection takes place as well as the modulation process
to send the information to the external reader using a backscattering method.

The Modulation/Data Processing module has a programmable threshold values.
The module activates the communication using a backscattering method through
the inductive link when the current generated by the sensor achieves the threshold
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values. In this way, the external reader can be quickly advised every time the desired
substance exceeds the programmed threshold levels. The role of each module and
the selected implementation are described in the following:

4.2.1 Antenna or Induction Coil

The antenna (or inductive coil) is used as a wireless communication link and power
energy source. It should produce energy to supply the electronics and should have
enough communication range to send and receive data through the human skin
[31, 32].

Several possibilities could be explored to design an implantable antenna. It is
possible to use a small coiled antenna with extremely small size like those used in
some RFID human or animal identifiers by Verichip® Corp. Also it is doable to
integrate an antenna using a MEMS CMOS compatible process or using a modern
organic technology like in [15].

As a first approach, the same rectangular coil as the ones used in Section 2.2.1
has been first selected to build up a PCB based setup to validate each block and to
characterize the whole system. It has three turns, size of 30 mm x 15 mm, 0.5 mm
thickness, a conductor width of 1 mm and an inductance of 220 nH. It is tuned to
work at the RFID frequency of 13.56 MHz.

One small antenna has been designed to miniaturize the system and to validate
the architecture as implantable device. The prototype is a rectangular coil of 5.5 mm
x 14.5 mm and a thickness of 0.5 mm. It has seven turns, a conductor width of
0.2 mm, inductance of 400 nH and a series resistance of 340 m2. Since a subcuta-
neous implant would be designed, a rectangular thin coil could be one of the best’s
options as is depicted in Fig. 4.1.

On the other hand, a second wire-coiled antenna of copper with 2.6 mm of diame-
ter has been fabricated just to compare the electrical and mechanical characteristics.
It has a length of 7.5 mm, 0.071 mm copper diameter, 14 pH, and a parasitic resis-
tance 5 €2. Both small antennas are depicted in Fig. 4.5. Table 4.1 presents the
electrical and mechanical parameter for the two miniaturized antennas.

Both antennas are tuned to work at the RFID frequency of 13.56 MHz. A min-
imum energy loss due to the skin absorption could be achieved working at this
frequency range [33] but, there are other available frequencies that could also be
used.

Table 4.1 Small implantable antennas parameters

Symbol Parameter Units
Type Rectangular Coiled

L Inductance value 400 n 14 H

Cr Tuning capacitor 350 p 10p F

Rp Parasitic resistance 340 m 5 Q
Wi Width 5.5 - mm
L¢ Length 14.5 7.5 mm

D Diameter - 2.6 mm
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4.2.2 AC/DC and Regulation Module

The coupled antenna produces an AC voltage; hereby an AC/DC rectifier is neces-
sary to generate an unregulated DC voltage. A regulation block produces a regulated
DC voltage to drive all the electronics. Unipolar or bipolar power supply architec-
ture could be selected. A bipolar power scheme able to supply a regulated voltage
up to 1.2 V and a maximum current of 1.5 mA has been implemented.

The AC/DC block is based on a half-bridge NMOS rectified with a bulk con-
trol voltage introduced in Section 2.3.2.2. Then, two LDO’s [34] and two Complex
Control Modules (CCM - Section 2.3.3.2) are connected to the power scheme. In
that way, the DC voltage is regulated and controlled. The LDO’s are based on the
structure presented in Section 2.2.2; just a small variation on its structure is applied
for the negative one [34].

The Control Modules are used basically for two main reasons: firstly, they acti-
vate a Power-On Reset (POR) signal when minimum voltages of 0.8 V and -0.8 V
are achieved. This signal is then used to activate the rest of the internal circuitry.
Secondly, both Control Modules generate several Bandgap reference voltages that
are used in subsequent circuits. Moreover, it is a simple method to program the
voltage from +0.6 V to 1.2 V in order to drive properly the circuits. Figure 4.3
presents the architecture of the power stage.

Further on in this chapter, it is presented the obtained generated on chip voltages
at various air coupling distances as well as other experimental measurements using
the miniaturized antennas.

Fig. 4.3 AC/DC integrated +LAlceu]
rectifier architecture 4 i |
C; Vce
M LDO+5v T
v | c %
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4.2.3 Data and Clock Extraction Module

This block is responsible for the detection of the incoming data provided by the
external reader and, if it is the case, programs some modules of the scheme, besides
it recovers and produces the necessary clocks used by the electronic modules.
Several approaches can be found in the literature [14] to design this circuitry.

This module has not been implemented in this approach because no internal
clocks are necessary and no programmable capabilities are included in any block.
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4.2.4 Vin Generation Module

This block is used to generate the signals to be applied to the sensor. In function
of the performance of the integrated Biosensor and how it works, the block can
generate a DC or AC signal. This module could be programmed by the external
reader in order to add more functionality to the system.

In the presented approach, three internal signals and one external signal can be
selected. The selection is done manually by two external selector pins Sy and S,
Fig. 4.4. Table 4.2 shows the values of the internal generated voltages. Thanks to
the external connection it is possible to introduce an off-chip AC or DC signal or
directly ground the signal to Gnd.

Programmability functions and digital voltage generation could be introduced in
order to add more functionality to the system to fix the DC levels for the ampero-
metric analysis. However, the use of complex generation circuits introduce higher
power consumption and hence, problems regarding temperature dissipation around
the biological environment could arose.
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Fig. 4.4 Schematic of the implemented architecture for the in-vivo implantable detectors (Vpc
connected to Gnd)
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Three internal voltages of 0.6, —0.6, and 0.5 V can be selected in the final
implementation. Also, an external voltage could be used. The Regulation Module
generates the internal reference voltages.

4.2.5 Sensor Control Module

This circuitry applies the voltage provided by the Vin Generation Module —Vin- to
the sensor, between the Sensor Cell Electrodes.

The topology of the circuitry should be selected in function of the used type of
sensor. This work is focused to deal with three electrodes sensors, so the adopted
module is based on the potentiostat control module presented in Section 3.3.1. A
current through the cell is defined in such a way that the voltage difference between
the R and W electrodes follows the defined Vj, signal, which polarizes the sensitive
cell.

The implemented architecture is based on the low power £1.2 V potentiostat in
Table 3.5 (Section 3.3.3). It works perfectly with DC signals and Vj, voltages up to
41 V. Figure 4.4 depicts the potentiostat control module and its connections.

4.2.6 Conditioning Module

This block detects the signal generated by the amperometric Biosensor and adapts
it to be treated by the subsequent module. A current-to-voltage converter based on
the transimpedance amplifier —-TIA- in Section 3.3.2 is the selected option for this
approach.

As it is detailed in the previous chapter, the current-to-voltage conversion is
defined by V1ia = -Iw Rr1a, Where Iy is the current flowing in the working elec-
trode and Ry, is the externally selectable transimpedance resistance. A second gain
stage, based on an inverter configuration, adapts the voltage values to feed the next
stage. The gain is defined by Rg and is externally selectable. Figure 4.4 presents the
TIA and the gain amplifier.

4.2.7 Modulation and Data Processing Module

The data generated by the sensor and adapted by the Conditioning Module is
then analyzed and emitted to the external reader through this analogue or mod-
ule. Depending on the application, a complex analysis should be needed using some
digital processing that increases the consumption and complexity of the module
[35-39].

For an integrated detector, the use of comparators is a smart solution to detect
one or several points with medical interest. In that approach, comparators able to
detect three different threshold voltages (Fig. 4.4, Vin1, V2 and V,3) have been
designed for its simplicity and low power consumption.
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Table 4.3 On-chip generated threshold voltages

S3 Sa Vini Vin2 Vin3

Gnd — -500 mV -250 mV -125 mV
- Gnd —-125 mV -250 mV -500 mV
Gnd Gnd 125 mV 250 mV 500 mV
- - 500 mV 250 mV 175 mV

All three-threshold voltages, Vini, Vin2 and Vi3, are generated on-chip and pro-
grammed externally using S3 and S4. A modulation circuitry activates the backscat-
tering communication in function of the comparators response. This method consists
in changing the impedance of the antenna, so the external antenna can detect this
variation.

A DC modulation [15] is used implementing a PMOS (W/L = 3,000/2 pm)
transistor connected directly behind the rectifier. This modulation presents a higher
Q-factor modulation than the AC [10].

The Modulation/Data Processing block is based on the circuit presented in
Section 3.5.1. The communication time slot is controlled by an external capacitor,
Cprg, connected to the monostable-based circuit. This capacitor controls the width
of the transmitted zero.

Table 4.3 shows the on-chip generated threshold voltages in function of pins S3
and S4 whereas Fig. 4.4 presents the connections of the block with the rest of the
system.

4.2.8 External Reader

As it is previously explained, the external reader transmits the power to the inte-
grated antenna and receives the data from it. The adopted solution is based on the
use of the commercial demo board TRF7960EVM [40] by Texas Instruments®.
This evaluation module uses the TRF7960 multi-standard fully integrated
13.56 MHz RFID reader chip able to transmit with a selectable output power of
100 or 200 mW. Figure 4.7 presents the TRF7960EVM board with its PCB antenna.

4.3 Prototypes Design and Results

4.3.1 Prototypes

Two miniaturized devices have been fabricated to validate the implantable detector
architecture. Both devices are presented in Fig. 4.5. The first one uses a rectangular
antenna whereas the second one is designed with a coiled antenna. The parameters
of both antennas are presented in Table 4.5.
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Fig. 4.5 (Left) fabricated prototypes (rectangular coil — bottom- and coiled antenna) and (right)
size comparison of the rectangular prototype and a commercial RFID pet identifier by Indexel-
Merial

Each prototype is mounted on a FR4 substrate PCB with a thickness of 0.5 mm.
It is composed by two IC’s, one for powering and communications and the other
one with the sensor instrumentation and post processing, one antenna, a sSensor con-
nection and the external capacitors and resistors. The IC’s are designed in 0.13 pm
technology from STMicroelectronics® .

The size of each off-chip component is 1.6 mm x 0.8 mm that corresponds to
the 0603 SMD passive components package. Figure 4.6 depicts the distribution of
the components in the PCB.

The sensor/Biosensor connections are located on the right side of the device,
Fig. 4.6, with a pad size of 1.1 mm x 3.4 mm. These pads could be used as a
connection to other sensor or directly as gold electrodes.

The total size of the rectangular prototype is 5.5 mm x 29.5 mm x 1.5 mm.
On the other side, the coiled prototype has an area of 5.5 mm x 23 mm x 3 mm.
Finally, Table 4.4 summarizes the features of the fabricated prototypes.

It is important to note that all circuits were tested individually before manufac-
turing the two prototypes using a setup based on the PCB and LabVIEW® software
presented in Section 3.3.3.

IC1
MHCP + Ic2
Tunning  Communications BioChip
Capacitor Monostable :
Cr Capacitor Transimpedance
Crro Resistance
Antenna R
Sensor
Counter
Reference
Working
Re
Gain
Ci Cz C+ C- .
Rectifier LDO Resistance

Capacitors Capacitors

Fig. 4.6 Components placement of the fabricated prototypes. Both prototypes present the same
distribution. (IC1 — powering, IC2 — sensor control and signal conditioning)
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Table 4.4 Mechanical characteristics of the two fabricated prototypes

Symbol Parameter Value Units
Type Antenna type Rectangular Coiled

L Inductance value 400 n 14 H
Cr Tuning capacitor 350p 10p F

Cy Rectifier capacitor 4.7u F
C Rectifier capacitor 4.7u F
C+ LDO capacitor lu F

C- LDO capacitor lu F
CprG Monostable capacitor 330 n F
Rtia Transimpedance resistance 25k Q
Rg Gain resistance 1M Q

Sensor material Gold
A Area 5.5 x29.5 % 0.5 5.5x%x23x0.5 mm?3
1N Integrated resistances 1M Q
Ri =Ry =R3

4.3.2 Experimental Results

The in-vivo detection architecture is validated using the rectangular prototype as
implantable device. The Texas Instrument® TRF7960 works as external reader with
a maximum emission power of 200 mW at 13.56 MHz and the commercial sensor
AC1.WIL.R1 by BVT Technologies® acts as a Biosensor. The £1.2 V Potentiostat
Amplifier (PA) is used to drive the Biosensor.

A wired connection is done to connect the AC1.W1.R1 sensor with the sensor
pads of the implantable device. Thus, it is possible to manipulate the device under
test (DUT) while the sensor always remains fixed.

First of all, the recovered voltage in the implantable device is studied in function
of the distance (Z Axis) between the reader and the implantable prototype and in
function of the XY misalignments. Figure 4.7 shows the origin of XY coordinates
used in the study. The center of the implantable antenna (black cross) is positioned
in the (0.0) coordinates of the emitter. The Z axis is orthogonal to XY.

Figure 4.8 presents the dependence of the rectified voltage in function of the Z
axis, the distance between both antennas. The maximum allowable height (Z axis
separation) is around 20 mm. In that point, the rectified voltage (V) is not enough
to drive properly the on-chip LDO's thus, it is not possible to generate the regulated
voltages, Vcc and Vgs (£1.2 V).

This 20 mm distance is also the maximum available distance to transmit properly
information from the implantable device to the external reader. The recovered power
is in the range of 1.1 mW to 800 wW from 1 to 20 mm respectively.

The next step consists on evaluating the XY misalignment. Figure 4.9 depicts
the rectified voltage (Vi) distribution in function of the XY misalignment for Z
distances of 10, 15, and 20 mm. The voltages obtained in the (0.0) position are
equal to those presented in Fig. 4.8 for all Z distances so, it can be stated that the
farther the antenna is placed from the center the lower is the rectified voltage.
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Dimensions in mm

Fig. 4.7 Prototype of the implantable device (top, 5.5 mm x 29.5 mm) and the TRF7960 transpon-
der used as external reader. It is depicted the XY coordinates used to evaluate the effect of the
misalignment. The implanted device moves around the external reader area (ERA) for difference
height distances (Z axis distance) to define the safety operation area (SOA); the area where the
device can move while working properly

3,0
I —n— Vrec -> Rectified Voltage
25 —e— Vcc -> +Regulated DC Voltage [
\\ —a—Vss -> -Regulated DC Voltage
250 :
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2 15 "
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1,0
0,5 . : . . . — : .
0 4 8 12 16 20 24 28 32 36

Z Axis Distance (mm)

Fig. 4.8 Recovered rectified voltage (Vi) in function of the Z distance between the implantable
and the external antenna at (0.0) in air coupling conditions. It is also depicted the on-chip regulated
voltages, Vcc and Vg
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Fig. 4.9 Recovered rectified voltage distribution in function of the X-Y misalignment for Z
distances of 10, 15 and 20 mm

At that point, it is defined the Safety Operation Area (SOA) where the implanted
device can be positioned freely and still working properly because the recovered
voltage is still sufficient to drive the circuits. Following the idea introduced before,
the Safety Operation Area (SOA) reduces its size if the distance (Z axis) between
both antennas increases.

The SOA can be observed in the XY plane view in Fig. 4.10. The recovered
rectified voltage (Vi) distribution is compared, for three Z axis distances, with the
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total available area of the external reader (orange rectangle). For a Z distance of
10 mm the SOA area is closed to the maximum area available by the reader. On the
other hand, the SOA reduces till a minimum area of 20 mm x 10 mm for the highest
height of Z = 20 mm (red zone in Fig. 4.10).

This situation is also illustrated in Fig. 4.7 where the External Reader Area
(orange rectangle) of the TRF7960 is depicted and the obtained SOA for Z = 10 mm.

It is important to remark that the experimentally validated SOA is the area where
the implantable event detector can be positioned and still working. Basically, the
SOA area depends on the amount of transmitted power, size of the external reader,
area and type of the implanted antenna and distance between them. It is important
to remark these items.

The next step consists in validating the prototype working as a detector of electro-
chemical substances. The detection instrumentation and communication mechanism
are evaluated using several concentrations of K4[Fe(CN)]g in PBS and a commercial
sensor ACI.WI1.R1.

The implantable device is configured with a transimpedance resistance (Rra)
of 25 k% and a gain of 1 (Rg = 1 M®). The programmed threshold voltages are
0.125, 0.250 and 0.500 V for V1, Vina and V3 respectively. A capacitor of 330
nF defines a communication time slot of 250 ms, the width of each transmitted zero.
The final configuration of the prototype is summarized in Table 4.5.

First of all, the potentiostat circuit working together with the commercial sensor
AC1.WI1.R1 is verified. A cyclic voltammetry [41] from —1 to 1 V at 0.05 V/s is
carried out using the external input of the device, pins S1 and S2 non-connected
Table 4.2.

Figure 4.11 depicts the voltammograms obtained for 1 and 4 mM of
K4[Fe(CN)]g. with the transimpedance resistance of 25 k2. The results are
compared with the ones obtained with the commercial instrument CH 1232A
(CHInstruments®) and they are close to those presented in more detail in
Section 3.3.3.

As can be observed in Fig. 4.11, the reduction and oxidation potentials are located
around of 0.170 and 0.240 V. Moreover, the shape of the voltammogram is almost
equal in both instruments with a maximum difference in the peak amplitude.

Table 4.5 Implantable detector prototype final configuration

Symbol  Parameter Value Units

CprG Monostable capacitor 330 n F

Rria Transimpedance resistance 25k 2

Rg Gain resistance 1M 2

VIN Programmable internal voltage 0.5 \Y%
Pins S; = S, = Gnd

Vil Programmable threshold voltages 0.125 \Y%
Pins S3 = S4 = Gnd

Vinz 0.250 \Y

Vinz 0.500 \'%
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Fig. 4.11 Voltammogram obtained with the rectangular prototype device for 1 and 4 mM of
K4[Fe(CN)]g at 0.05 V/s

Once the correct operation is checked, it is configured to perform an amperomet-
ric analysis [41] to detect three concentrations of K4[Fe(CN)]g. In that way, pins S
and S; are grounded to internally generate 500 mV to be applied to the sensor.

Moreover, the Modulation and Data processing block is ready to detect three
different currents around 6, 11 and 21 A using Vi = 0.125 V, Vo = 0.125 V,
Vins. = 0.500 V. This relation is obtained by substituting the variables in eq. (3.7)
for the values of Table 4.4 as follows:

Vit < Vour = 125k — 0.125V < 6 uA - 25k
R
Vour = IWRT,AR—G = Vi < Vour = IM125kQ — 0250V < 11 A - 25k
3

Vs < Vour = 125k — 0.500 V) < 21 uA - 25k
RG =Ry = 1MSQ ] Ryjs = 25k

The detection points as well as the amperogram are presented in Fig. 4.12. The
response is similar to those obtained with the commercial instrument CH 1232A and
similar to those explained in detail in Section 3.3.3. As can be observed, during the
transitions there are some current peaks that could produce errors in the detection;
so the amperometric signal is filtered through an integrated 4th-order OTA filter to
avoid false detections.

The communication mechanism is prepared to transmit 1, 2 or 3 zeros to the
external reader in function of the achieved threshold point is Vi1, Vinp and Ving
respectively (more details in Section 3.5.1).
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Fig. 4.12 Amperogram and programmed detection points using the threshold voltages thl, th2
and th3 and the equivalent current detected. The glitches produced in the transitions are internally
filtered using the OTA filter

The actual prototype configuration defines a transmitted zero as a time slot of
around 250 ms, (Cprg = 330 nF, Table 4.5). Hence, a time slot of 500 ms has to be
received in the external reader when two zeros are transmitted and 750 ms for three
Zeros.

Figure 4.13 depicts the waveforms of the internal and external antennas when all
detection points are achieved. Plots (a) and (b) show the transmitted zeros for Vi
and V. It is received at the external antenna a time slot of around 266 and 497 ms
that corresponds to the transmission of one zero (V1) and two zeros (Vo) respec-
tively. These times are quite close to the expected ideal ones of 250 and 500 ms. In
both cases, the communication is obtained for a distance of 10 mm between antennas
at point (0.0). The modulation amplitude at the receiver side is 30%.

The communication of the third threshold point is depicted in Fig. 4.13c. In that
case, the transmission is done for the worst case of 20 mm of separation between
antennas. As can be observed, the AM modulation amplitude has decreased to
10% defining the limit of the communication distance range; the amplitude of the
external signal is enough to detect the transmitted zeros. In that case, the time slot
is around 780 ms, which corresponds to transmitting three zeros of approximately
250 ms each one.

Once the thresholds detection and communication are checked, the CMOS Front-
End Architecture for In-Vivo Biomedical Implantable Detection Devices is fully
validated. Finally, Table 4.6 summarizes the most important electrical features of
the developed device.
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Fig.4.13 aand b show the internal and external antenna waves when Vi, and Vi, are transmitted
for a Z distance of 10 mm (Apm = 30%) and (c¢) presents the antennas waveforms when V3 is
transmitted for the worst communication case of Z = 20 mm on air coupling (Ap = 10%). The
operation frequency is 13.56 MHz

Table 4.6 Implantable device main features

Symbol  Parameter Min Max Units
Vieg Regulated on-chip voltage +1.12 +1.25 v
Prec Recovered power 800 1.1m W
Zp Working distance between antennas 1 20 mm
Iw Current detected In Im A
Am Data modulation amplitude at the receiver 30 10 %o
side

Pcc Power consumption 700 Im \\%
Freq. Inductive powering and communication 13.56 MHz

frequency
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4.4 Chapter Conclusions

This chapter discusses the design and results of a front-end architecture detec-
tion system for in-vivo implanted devices. This solution combines in the
same implantable package the communication circuit and antenna, power and
sensor instrumentation modules, all of them fabricated in 130 nm CMOS
technology.

Two small size prototypes have been fabricated as a first approach for an in-
vivo implantable detection device. One uses a coiled antenna whereas the other one
implements a rectangular antenna. The second prototype has been tested to check
the whole architecture.

The electronics for implantable instrument is designed to be inserted under the
human skin. It is oriented to work with three electrodes amperometric sensors
thanks to the low-power biopotentiostat amplifier, which is able to detect a minimum
current of +/—1 nA.

The electronics presents a low-power consumption of 680 pW @ £1.2 V
in order to avoid local heating dots. The maximum power that can be supplied
through the inductive link, on air coupling, is 3.5 mW @ £1.2 V (+1.5 mA) for
a distance up to 15 mm. The power link has been studied in function of XYZ
axis misalignments to define the Safety Operation Area (SOA) for the implanted
device.

The instrument detection capability is validated using a commercial sensor and
several concentrations of K4[Fe(CN)]s. Some voltammograms are carried out and
compared with those obtained with a commercial instrument CH 1232A. Then,
an amperometric configuration has been used to validate the threshold detection
mechanism and the AM communication. In that way, the implantable detection
architecture is experimentally fully validated.

Finally, a proof of concept was carried out with the coiled prototype to con-
clude with the prototype fabrication. It was covered with a lightly layer of
biocompatible material (PDMS [42]) to explore a possible packaging solution for
the in-vivo detection device. Figure 4.14 depicts this PDMS proof of concept
prototype.

Fig. 4.14 Coiled prototype h e - ’
covered with PDMS . -
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Chapter 5
Conclusions and Future Work

Abstract In this last Chapter the main electrical characteristics of the proposed
CMOS architecture for the implantable, self-powered event detector device, are
summarized. Future aspects in the development of a new prototype are envisaged
by the authors.

Keywords Implantable event detector - Inductive powering

5.1 Conclusions

The developed approach for an implantable subcutaneous event detector device has
been discussed in this work, analyzing in more detail the particular case where a
rectangular antenna is used instead of a coiled antenna. The rectangular prototype
has been fully validated obtaining the following characteristics:

Small size, 5.5 x 29.5 x 0.5 mm?>.

Self-Powered through an inductive powering link.
Low-Power consumption, 700 uW @ £1.2 V.

Low current detection capability up to 1 nA.
Transcutaneous communications at 13.56 MHz.

Focused on working with three amperometric Biosensors.

The devices are envisaged to be integrated subcutaneously, small size and low-
power consumption, and to work with three amperometric Biosensor electrodes. The
validation of the final device as a True/False or alarm level detector has been carried
out through several electrochemical analysis like voltammetries and amperometries.

Moreover, several studies have been carried out in order to study the effects of
the misalignments between the external and implanted antennas. A Safety Operation
Area (SOA) has been defined as the area where the implantable device can be
positioned freely and still working properly.

The architecture of each implantable device is divided in two main blocs:

1. the powering and
2. the instrumentation and communications.
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Regarding the instrumentation, a full-custom potentiostat is designed as a main cir-
cuit to work with the sensors. Then, the processing circuitry is conceived to detect
three programmable threshold values and finally an easy low-power communication
protocol has been implemented for transcutaneously transmissions thanks to an
inductive link and a backscattering method.

The architecture also incorporates other subcircuits like a Bandgap reference cir-
cuit, LPF (Low-Pass Filters) and monostables. The LPF avoids problems regarding
glitches and noise in the signal coming from the potentiostat and assures a correct
detection. On the other hand, a monostable circuit and an external capacitor control
the width of the transmitted bits. All these circuits have been integrated in the same
IC called BioChip.

Regarding the powering issue, at this stage, the device is Self-Powered through
an inductive link. Exploiting the idea of Self-Powered, a Multi-Harvesting Power
Chip (MHPC) has been designed. It is prepared to work with several types of ambi-
ent energy sources to provide greater versatility to a generic application, Table 5.1.
The use of alternatives power sources, harvesting, is the perfect choice for such
application where the use of batteries is difficult, or a difficult maintenance, or a
long life is required.

Table 5.1 MHPC maximum electrical circuits features

Min Max Units

Vin Pzt Piezoelectric +/-1 +/-2.5 Vac
Iin Pzt - 5 mA
Vin SC Solar cell 1.3 2.5 Vdc
Iin SC - 10 mA
Vin MI Magnetic induction +/-1.3 +/-2.5 Vac
Iin MI 10 mA
Vout SSD mode Single storage 1 1.2 v
Iout SSD mode device - 20 mA
Efficiency () 30 70 %
Vout MSD PZT Multiple storage 1 2.5 Vdc Programmable
SC device - 1.2 Vdc
MI - 1.2 Vdc
Iout MSD PZT - 10 mA
SC - 10 mA
Ml - 10 mA
n MSD PZT 402 80 %
SC 48° 85 %
MI 35¢ 75 %

4The efficiency is calculated using the piezoelectric Quick Pack QP40W from Midé Tech
(Chapter 2).

YThe efficiency is calculated using the 6 solar cells XOB17 from IXYS. (Chapter 2).

“The efficiency is calculated using a rectangular antenna of 30 mm x 15 mm, 220 nF @ 13.56 MHz
(Chapter 2).
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The MHPC is able to collect energy from:

e mechanical vibration,
e solar radiation and
e inductive link, all of them managed from a single IC.

The MHCP is designed to obtain high conversion efficiency, especially from
mechanical vibrations. A novel low-power circuitry to harvest this type of energy is
presented and validated. The solar energy is regulated by using a LDO whereas the
magnetically induced energy with high-efficient AC/DC converters.

All circuits in both chips, BioChip and MHPC, are designed to assure low-
power and, in some cases, very low-power consumption. The consumption is an
important issue when developing circuits for implantable devices to reduce and to
avoid the appearance of hot spots in the biological surroundings of the subcutaneous
implants.

A discrete potentiostat was developed before initiating the integrated CMOS
implementation to gain experience in the design and avoid problems in the
integration. Moreover, this PCB based circuit has been also used to perform elec-
trochemical experiments, cyclic voltametries and amperometries, and to gain also
experiences in this type of analysis.

Talking again about the instrumentation for Biosensor, this book introduces the-
oretically the concept of Lock-In amplifier circuit architecture and its validation by
simulations.

This circuit is used to detect the real and imaginary component of an input AC
signal and it can be applied in electrochemical analysis to perform EIS analysis
and to detect the impedance variation of a Biosensor. The circuit is based on two
Synchronous Demodulated Channels to obtain two DC signal proportional to the
real and imaginary components of the analyzed signal.

In summary, this book has presented a novel architecture for developing Self-
Powered implantable detection devices and its validation through two prototypes.
Table 5.2 presents the electrical characteristics of the MHPC. Table 5.2 sum-
marizes the features of the validated implantable architecture. Thus, the incom-
plete pyramid presented at the introduction is now completed as is depicted on
Fig. 5.1.

Table 5.2 Implantable device main features

Symbol  Parameter Min Max Units
Vieg Regulated on-chip voltage +1.12  £125 V
Prec Recovered power 800 1.1m W
Zp Working distance between antennas 1 20 mm
Iw Current detected 1n Im A
Am Data modulation amplitude at the receiver side 30 10 %
Pcc Power consumption 700 p 1m W

Freq. Inductive powering and communications frequency 13.56 MHz
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Fig. 5.1 Pyramid representing the evolution of biomedical diagnosis equipment with the achieved
objective (top of the figure)

5.2 Future Work

Derived form the work presented in this book, different options would be opened.
It would be possible to develop and integrate better instrumentation and electronic
circuits in order to reduce the final size. It would be a nice evolution to integrate all
the necessary circuits in one IC to mimic a grain of rice, Fig. 4.5.

The advances of the microtechnology and the channel length reduction in the
transistors, there are available technologies of 90, 60 and 45 nm length that will
help in the deployment of the subcutaneous low-sized implantable devices, but with
high computational capabilities and mixed signal interfaces. So, controlling and
minimizing the power consumption.

On the other hand, the development of architectures able to work with different
Working electrodes (Multi-Sensors) at the same time would be an interesting evo-
lution. In this way it would be possible to work with arrays of Biosensor and detect
more than one substance, ion, ADN, etc ... at a time. Moreover, the development of
powerful transcutaneous communication mechanisms to send such amount of infor-
mation without increasing the power consumption of the subcutaneous device would
be a must. At the end, a complex close-loop system, able to detect and actuate auto-
matically, will be developed. For instance, the development of an artificial pancreas
which would inject automatically insulin when some levels of glucose are exceeded.

Improving the powering of the device and developing better self-powered sys-
tems is also a very interesting research area. The integration of the MOS circuits
and the MEMS microgenerators in the same substrate will allow the conception of
more modern harvesting chips while reducing the final size of the application. Then,
the possibility to use it in small, low-power and difficult maintenance system like in-
vivo or in-vitro on-body systems is opened. Recently, research in the field of energy
harvesting based on ultrasonic powering seams a new alternative to the inductive
powering for implanted devices.



Appendix A

Bandgap Montecarlo Simulations

A statistical analysis has been performed with the reference Bandgap voltage circuit
presented in Fig. 2.12. Two different supply voltages has been used, 1.4 and 1.2 V
and 15 different integrated circuits has been tested.

The experimental results are compared with the expected theoretical values
obtained by simulation with the statistical available models, fast (FFA), slow (SSA)
and standard or typical (STD/TTY) of the technology.

6= -1
B Vg @ Voo =14 VE&C, =10pF B Vg @ Ve =14V E&C, = 10pF

(n=15ICs) (n=15ICs)

Samples
Samples

048 049 050 051 052 053 054 055 056 057 058 059 052 0,53 0.54 055 0586 0.57 0.58 0.58

Vo (V) Vs (V)

Fig. A.1 Experimental Bandgap voltage at 1.4 V. Left image shows the obtained values and the
theoretical values and on the right, there is plotted in detail the experimental voltages
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Fig. A.2 Experimental Bandgap voltage at 1.6 V. Left image shows the obtained values and the
theoretical values and on the right, there is plotted in detail the experimental voltages



Appendix B

CMOS 130 nm Technology (HCMOS9)

The STMicroelectrics CMOS 130 nm technology provided by the CMP service
(Multi-Project Circuits) is used to design and manufacture the IC’s in this work.
A brief description of the process specifications is done here. All the information
can be found on-line at the official web page of CMP service, http://cmp.imag.fr/
products/ic/?p=STHCMOS9.

Gate length: 0.13 pm (drawn), 130 nm (effective).
Triple well.
Power supply of 1.2 V.
2.5 V power supply option is also available.
Multiple Vt transistor offering (Ultra low leakage, High speed).
Threshold voltages (for 3 families above):
VTN = 570/500/380 mV,
VTP = 590/480/390 mV.
Isat (for 3 families above):
TN @ 1.2 V: 410/535/680 uA/mic;
TP @ 1.2 V: 170/240/320 uA/mic
6 metal layers in standard.
Up to 8 metal layers in option.
Low k inter-level dielectric.
MIM capacitances.
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Appendix C

CH Instruments CH 1232A Potentiostat

The CH 1232A is a commercial handheld potentiostat/biopotentiostat from CH
Instruments. It is a part of the CHI 1200A series. Its main specifications are
detailed below and can also be found on-line at the web page of CH Instruments,
http://www.chinstruments.com/chi1200.html.

Maximum potential range: £ 2.4 V.

Compliance voltage: £ 7.5 V.

Current range: & 2 mA.

Reference electrode input impedance: 1x10'% Q.

Sensitivity scale: 1x 107 —0.001 A/V in 7 ranges.

Input bias current: < 100 pA.

Current measurement resolution: < 5 pA.

Data acquisition: 16 bit @ 10 kHz.

CV and LSV scan rate: 0.000001-10 V/s.

Low pass filter for current measurements.

Maximum data length: 128-4096 k selectable.

Power: UPS port of a PC.

Chassis dimension: 7" (W) x 45" (D) x 1" (H).
19.05cm (W) x 11.43 cm (D) x 2.54 cm (H).

CV = Cyclic Voltammetry
LSV = Linear Sweep Voltammetry
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