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Abstract

With the increasing interest in the heterogeneous world of the “Internet of
Things” (IoT), new compelling challenges arise in the field of electronic design,
especially concerning the development of innovative power management
solutions in both integrated and discrete systems. This real technological
revolution establishes its foundations in the dissemination and exploitation of
distributed IoT smart nodes, with diversified sensing and actuation capabilities.
Being this diffusion a consolidated reality nowadays, emerging needs like
lifetime, durability and robustness are becoming the new watchwords in the
research field relating to such systems. Despite the wide range of different
perspective and applications which can be associated in the scope of IoT, power
management is a common ground which can dramatically improve service life
and confidence in these devices. For instance, the possibility to design nodes
which do not need external power supply but operates thanks to energy storages
(e.g. batteries), and which therefore can be easily deployed in sparse places, is a
crucial point in this scenario. Moreover, the development of autonomous nodes
which are substantially maintenance free, and which therefore can be placed in
unreachable or harsh environments and have longer operating times is another
enabling aspect for the exploitation of this technology. In this respect, the study
of energy harvesting techniques is increasingly earning interest again.
Ultimately, in order to ensure high performances to IoT devices in terms of
lifetime, durability and robustness, innovative power management solutions are
required, which are able to efficiently extract and convert power from the
available sources, be they harvesting or storage sources, and cleverly distribute
the obtained power to the various circuits of the node.

Along with efficiency aspects, degradation aspects are the other main
research field with respect to lifetime, durability and robustness of IoT devices,
especially related to aging mechanisms which are peculiar in power
management and power conversion circuits, like for example battery wear
during usage or hot-carrier degradation (HCD) in power MOSFETs. Developing
new architectures aiming at limiting the conditions which mainly contribute to
degradation is surely an interesting perspective, however new approaches are
gaining interest aiming at monitoring the state of health of the involved devices
and potentially report to the user the actual degradation level or even the
imminent failure of the device itself. As a consequence, the user can intervene in
order to prevent the failure or in order to compensate the possible efficiency
losses of the system caused by the degradation.

In this thesis different aspects related to lifetime, durability and robustness
in the field of power management circuits are studied, leading to interesting
contributions.

Innovative designs of DC/DC power converters are studied and developed,
especially related to reliability aspects of the use of electrochemical cells as power
sources. The proposed solutions limit some recognized stress conditions for



electrochemical cells, which are normally associated to common switching
converters, with a resulting increase in battery lifetime.

Moreover, an advanced IoT node is proposed, based on energy harvesting
techniques, which features an intelligent dynamically adaptive power
management circuit which allows the node to work in a wider range of operating
conditions, resulting in longer lifetime and improved robustness, and with the
best available data-rate.

As a further contribution, a novel algorithm is proposed, which is able to
effectively estimate the efficiency of a DC/DC converter for photovoltaic
applications at runtime. In this specific case, the analyzed aspect of the converter
is its maximum-power-point-tracking module (MPPT), which is responsible for
maintaining the photovoltaic source in its best working point for power
extraction. The proposed solution is able to determine if the MPPT module had
potentially degraded over time.

Finally, an innovative DC/DC power converter with embedded monitoring
of hot-carrier degradation in power MOSFETs is designed. Additional circuits
are proposed which are able to estimate, during the normal operation of the
converter, the degradation level of the power switches, by means of the variation
of their intrinsic on-resistance, and report this information to the user.
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Chapter 1
Introduction

Internet of Things (IoT) is an innovative technology in which a large number
of electronic devices are connected together through different communication
layers, providing a wide range of heterogeneous information that can be
collected and elaborated together in a typical Big Data environment (Fig. 1). This
new interrelated architecture represents a promising approach in order to tackle
complex management problems where multiple aspects effectively contribute to
the identification of the best solution. In a typical loT application, a mesh of
distributed sensor nodes is used to acquire information about environmental
conditions (temperature, humidity, pressure etc.), positioning and movement of
objects or living things, common habits (spending patterns, preferential
behavior, etc.). All these data are then transmitted to an elaboration center
through various communication techniques, usually implying the use of wireless
transceiver operating with different hardware/software protocols, accordingly
to desired distance, data-rate, kind of information, and so on. Inside the
elaboration center, this large volume of data, both structured and unstructured,
often redundant, constitutes the basis for a Big Data elaboration. Through
dedicated mathematical and statistical algorithms, these chaotic pieces of
information are collected and combined together in order to obtain new kind of
useful data, as for example to forecast particular events or needs, to provide
targeted improvement techniques for a specific process, to generate personalized
solution and so on.

Fig. 1 Internet of Things (IoT) technology scenario. (Source: https;//www.sixcommgroup.it)



In the last few years Internet of Things has become a consolidated reality
from an industrial point of view and a very fruitful field of research in academic
domain. Nevertheless growing trend is far from slowing down, and recent
studies show how expected trend will lead to more than 75 billion installed
devices by the end of 2025 (Fig. 2) [1].
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Fig. 2 IoT installed devices growth and forecast (Source: IHS technology - IoT platforms: enabling
the Internet of Things - March 2016)

Due to this massive growth new perspectives are gaining more importance
especially related to the peculiar application field of such devices. As a matter of
fact, IoT nodes are often expected to operate in wireless mode while installed in
unreachable and harsh locations, so specific aspects aiming at ensuring stable
behavior over time are increasingly discussed. As a consequence, concepts like
lifetime, durability, robustness are becoming the new watchwords in the
research field related to IoT systems.

1.1 IoT devices and applications: a heterogeneous world

Recent market researches show an interesting picture of the global share of
IoT devices and applications (Fig. 3) [2]. There is a huge variety of different
sectors which can be potentially affected by this technology, comprising both
consumer and enterprise fields such as wearable sensors, smart tags for fitness,
work aids, health monitoring, home management and others.
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Fig. 3 Heterogeneous distribution of installed applications in IoT market (McKinsey Global
Institute analysis - The IoT opportunity — Are you ready to capture a once-in-a lifetime value pool?
- June 2016)

The heterogeneity of such devices can be related to a wide range of different
aspects, specifically for what concerns:

e The kind of acquired data - environmental / healthcare /
localization / statistical / ...

¢ The communication protocol - wireless / wired / Internet compatible /
custom protocol / ...

e The implementation approach -  discrete components / fully integrated /
mixed solutions / ...

e The power supply - main network / battery / battery-less /

autonomous harvesting / ...

This diversification introduces new challenges in the design of IoT nodes and
especially in the development of the power management modules. Not only
power management must face different kinds of power sources but it also have
to be specifically designed accordingly to the peculiar power profile of the node.

1.2 The role of dedicated power management

In a typical IoT device the core section is represented by some sensing or
monitoring elements which are controlled by a management module -
commonly a microcontroller - that also handle the communication interfaces in

3



order to transmit acquired data to the external world [3]. In order to correctly
supply the node an advanced power management section is essential to
efficiently extract energy from the different sources and to make it usable by all
other modules (Fig. 4) [4, 5].
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Fig. 4 IoT node typical structure with power management unit architecture highlighted

More precisely, the use of batteries as power supplies forces to carefully
consider efficiency aspects related to power conversion and to possibly introduce
recharging capability in order to increase battery lifetime [6, 7]. In this direction,
the increasing use of harvesting power sources in order to obtain energy
autonomous devices introduces new relevant issues:

e Harvesting transducers output voltages can be relatively low with respect to
minimum operating voltage of electronic devices, in the order of hundreds
of millivolts for radio frequency or indoor photovoltaic harvesting [8, 9].

e Similarly, available power is usually relatively low with respect to power
required by the node, so particular focus must be placed on efficiency of
power extraction module.

e Renewable sources are by their nature discontinuous, so storage elements
must be inserted in order to compensate the possible lack of energy.

Another remarkable aspect related to the use of energy harvesting is the
possible development of autonomous battery-less nodes, which is a research
field of growing interest [10, 11, 12, 13, 14]. Within this scope new solutions must
be provided to face power management issues, especially related to amount of
available energy extracted from renewable sources. In fact in typical IoT
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applications common renewable energy sources, e.g. radio-frequency or indoor
photo-voltaic harvesting, can provide an amount of energy in the order of
hundreds of microwatts, far away the value required by the node to correctly
operate. This discrepancy leads to the following considerations:

e A storage element must be added, typically a capacitor or super-capacitor,
in order to stock the harvested energy for a variable period of time till it is
sufficient to switch on the node. As a consequence:

* The value of storage capacitor must be carefully dimensioned.

Higher values allow higher stored energy, which means on one
hand higher operative time of the node once switched on, but on the
other hand it means higher recharge time at first activation.
The voltage provided by the storage element is not ideally regulated,
but it typically decrease as the capacitor is discharged during
activity periods of the node - and it obviously increase during
recharge periods -. Thus a regulation circuit may be necessary to
provide controlled voltages to the core circuitry of the node.

e Energy harvested nodes often operates in discontinuous mode, i.e. they
combine a recharge phase, in which the node is inactive and the storage
element is recharged by mean of the extracted energy from the renewable
source, with an active phase in which the node is switched on and performs
one or more data acquisition/transmission cycles. As a consequence:

* Specific circuits must be designed in order to monitor the actual
amount of energy available in the storage element to know when it
is possible to switch the node to the active phase.

Dedicated power off circuits must be added in order to limit the
quiescent energy consumption of the node during the recharge
phase.

1.3 The importance of durability and robustness aspects in
IoT power electronics

IoT architecture is based on the idea of a shared intelligence made of the
interaction between extensive and heterogeneous data provided by distributed
electronic devices which pervasively cover the monitored space [15]. As a
consequence such devices should:

e Be installed in large number to provide sufficient information for
elaboration.
¢ Be placed even in unreachable or harsh locations, e.g. inside walls or bodies.



Due to these characteristics, the challenge we are facing today is to develop
such devices in a way that they are substantially maintenance-free as they should
be embedded in their environment as much as possible. In this scenario,
improving lifetime and decreasing fault rate of the node are key aspects in this
direction. These targets must be achieved by considering a wide range of
different perspectives:

e The use of batteries as power supplies forces to carefully consider various
durability aspects related to the wear of the battery itself due to its particular
use and recharge rate [16, 17, 18].

e In order to extend device lifetime battery-less solutions should be
investigated by using advanced energy harvesting techniques.

e For IoT nodes based on wireless communication protocols, extending
maximum operative range can decrease fault rate.

e Improving power conversion efficiency is a profitable approach for both
increasing battery lifetime (for battery-supplied nodes) and operative ranges
(for autonomous harvesting nodes), both in terms of maximum distance (for
wireless nodes) and minimum necessary amount of environmental energy
(for autonomous harvesting nodes).

e Specific degradation effects are observed in power management circuits
mainly related to common power conversion techniques, e.g. hot carrier
degradation (HCD) in MOS devices of DC/DC switching converters [19], so
dedicated solution should be investigated to tackle this issue.

1.4 Dealing with durability and robustness in a differentiate
way - A thesis overview

In this thesis the previously mentioned aspects related to durability and
robustness requirements for power management in IoT applications have been
studied and analyzed, bringing to the development of various solutions
following two main parallel paths:

e Hardware solutions
Minimize batteries degradation by developing innovative power
conversion and management circuits with improved discharge
current profiles and enhanced efficiency.
Detect and estimate specific hot carrier degradation level through on-
the-fly measurement techniques applied to advanced power
converters with reliability-aware architecture.



1.

ii.

iii.

iv.

e System level solutions

Develop autonomous battery-less nodes with enhanced lifetime,
with a specific case study related to radio-frequency energy
harvesting techniques.

Monitor power conversion efficiency in low-power photovoltaic
applications by developing noninvasive sensing architectures
combined with predictive algorithms.

From a different point of view, issues related to each specific durability and
robustness aspects are discussed in this thesis, and both hardware and software
solutions are presented according to the following outline:

Issues related to the use of batteries as power sources

A series of hardware integrated solutions are presented for the
design of dedicated DC/DC power converters with specific
architectures capable to improve battery lifetime and overall
efficiency.

Issues related to the design of autonomous battery-less energy harvesting

nodes

Different system solution are presented aiming at developing fully
autonomous nodes with advanced power management with
dynamically adaptive architectures to widen the operating regions
of nodes.

Issues related to efficiency degradation of low-power photovoltaic power
converters

An advanced system solution is presented in order to obtain a
runtime estimation of the actual capability of the converter to keep
the photovoltaic panel at its best working point for power extraction
(i.e. an estimator of the quality of Maximum Power Point Tracking
Algorithm).

Issues related to Hot Carrier Degradation effects in DC/DC power converters

An integrated hardware solution is presented for providing DC/DC
converters with the capability of runtime estimation of the actual
degradation level of power switches particularly subjected to this
kind of degradation.



1.5 Power conversion basis in IoT applications

In this section a review of some general information about power conversion
is introduced, which is necessary to understand the concepts presented in this
thesis.

In Fig. 5 a typical power management loT scenario is depicted. On the left
arrow lays a large number of typical IoT energy sources with their associated
different voltages that must be managed, covering both standard sources like
batteries and harvesting sources for autonomous modes like photovoltaic panels,
thermo-electrical generators and radio-frequency antennas. It is worth noting
that it is a wide range of different input voltages, spanning from hundreds of
millivolts up to tens of Volts, while on the other side the electronic core of the
IoT device is shown, which accepts just a small range of voltage supplies;
consequently, specific circuits must be designed which are able to convert all
different source values to the accepted ones.
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Fig. 5 Typical power management scenario in loT applications

These circuits are generally referred as DC/DC converters as they transform
a direct current input source to another regulated direct current output value.
Accordingly to their ability to raise up the input source to higher output voltages
or to reduce it to lower values DC/DC converters can be classified as:

e Boost converters: from lower input voltages to regulated output voltage.

¢ Boost converters: from higher input voltages to regulated output voltage.

e Buck-Boost converters: from any higher or lower input voltages to regulated
output voltage.



From an architectural point instead DC/DC converters can be further
classified as:

e Switching DC/DC converters: based on the transfer of a controlled amount
of energy from source to target on a duty-cycle basis. In each transfer energy
is previously stored in an external inductor and then driven to the output
load.

With this architecture both buck and boost converters can be implemented.

e Charge pumps: based on the dynamic connection of a series of pre-charged
capacitors. Each capacitor is periodically charged to the input voltage and
then connected to others in order to obtain higher voltage values.

This architecture can be used to implement boost converters.

e Low dropout regulators (LDO): based on a feedback regulation of the output
current to obtain a fixed output voltage. A MOS transistor is connected in
series between input and output node, and voltage applied on its gate node
is modulated in order to dynamically change the associated resistance and
therefore control the resulting output voltage.

LDO can only operate as buck converters.

For the purpose of this thesis only switching DC/DC architecture is
considered, as it is the only one allowing the implementation of buck-boost
conversion and it is the structure which can theoretically achieve the higher
efficiency [20, 21, 22]. In Fig. 6 some typical implementations of switching
DC/DC converter are shown, for buck, boost and buck-boost architectures.
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Fig. 6 Common implementation of switching DC/DC architectures



Considering a general purpose case of a buck-boost structure, reported in
Fig. 7, its behavior can be described as a continuous sequence of an ON phase
followed by an OFF phase. The two phases are regulated by the alternating
activation of MOSs A, D and B, C, which are used as electronic switches.
Although several different architectures of non-inverting buck-boost converters
are available in literature, including two-switch topologies [23], single-ended
primary-inductor converters [24] and zeta converters [25], the proposed four-
switch topology [26] provides the best flexibility in order to study different
conversion approaches. As a matter of fact, each switch connected to the inductor
provides a bidirectional path to ground or to source-load elements, so that a great
variety of control strategies can be implemented by simply modifying the logic
which generates the driving signal of the switches. As an example, a buck-boost
architecture can be obtained implementing the following timing.

ON phase OFF phase

SOURCE
= i 7_;[F

Fig. 7 General purpose implementation szz buck-boost DC/DC converter

I|H Loap H

During the ON phase, A and D are switched on while B and C are switched
off, so a linearly increasing current flows from source to ground through
inductor L. In this way an amount of energy equal to

. 1, 2
(i) E, = EL(IFINAL — Iinir)

is stored inside inductor L, where Iinir is the current flowing at the beginning
of the phase and Irmar is the peak current obtained at the end of the ON phase,
after a Ton time:

LUpinaL — Linir) _ L-Al

VSOURCE VSOURCE

(i1) Ton =

During the OFF phase, A and D are switched off while B and C are switched
on, so a linearly decreasing current flows from inductor L to output load, so that
the energy previously stored in the inductor is transferred to the output. If we
consider the case in which all stored energy is transferred in each cycle, then
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current inside inductor returns to its initial value at the end of the OFF phase,
after Torr time:

L-Al
Torr = Vi (iii)
STORAGE

If T is the overall period of operating cycle, then we can also state that

T =Topr+ Ton; Ton =T D; Topp =T (1—D) (iv)

where D is the duty cycle of the system. Under these assumption the
converter works in continuous mode, and the output voltage Vsrorace depends
entirely on the value of duty cycle D, according to:

Vsrorae _ D

(©)

VSOURCE 1-D

On the contrary, if inductor is completely discharged every cycle, and
consequently the current is always nullified at the end of the OFF phase, then
converter works in discontinuous mode. In this case the switching period is
defined as

T =Torr + Ton + Tipre (vi)
where Tiprr is the time between the end of the OFF phase and the beginning
of the subsequent ON phase. Differently from the continuous mode, the output

voltage Vsrorace depends on different factors:

2
VSTORAGE _ VSOURCED T

(vii)

VSOURCE 2LIO

where Io is the output load current.
Finally, it is worth noting that current drawn from the input source has an
impulsive waveform which is sketched in Fig. 8.

ISA discontinuous mode L_;A continuous mode
Dyax " 1 1 " Luax
o i oo 7N .
Tond Tors T— Tov | i Torr T
T T
(@) (b)

Fig. 8 Typical current profile drawn from supply source by a common DC/DC switching
converter, in both discontinuous (a) and continuous (b) mode

11



Moreover, an important aspect of many energy harvesting transducers is
that their characteristic impedance depends on the strength of the considered
element (irradiance, RF power, heat, etc.) and, in some cases, like photovoltaic
panels, they present a non-linear characteristic in their current / voltage
function, i.e. they do not have a pure resistive response. For these reasons, the
optimum operating point, in which energy provided to the DC/DC converter is
higher than in any other operating point, depends on the kind of transducer and
can vary over time [27]. Therefore in many cases switching DC/DC converters
have an embedded Maximum Power Point Tracking (MPPT) circuit which is
responsible of keeping the input source in the best operating point for power
extraction. There are many kinds of MPPT algorithms, basically divided in two
categories:

e Dynamic MPPT algorithms: perturb and observe, incremental conductance,
current sweep. These algorithms monitor some electrical quantities of the
source and try to detect the maximum power point, either inferring the
actual I / V characteristic or dynamically move the operating point towards
higher values of input energy [28].

e Static MPPT algorithms: Fractional Open Circuit Voltage. In this case the
maximum point is approximated on the basis of the open circuit voltage of
the input source, i.e. the voltage present across the input source with no load
connected. As a matter of fact it is proved that in many cases the maximum
power point voltage is placed when the load biases the transducer in the
proximity of a pre-determined ratio of the open circuit voltage, for example
0.6 - 0.8 for photovoltaic panels and 0.5 for thermos-electrical transducers
[29, 30]. From a practical point of view, the converter periodically
disconnects the load from the input and it consequently evaluates the open
circuit voltage of the source, then setting the operating point to a fixed ratio
of that value. This algorithm is less precise than dynamic ones, yet it has a
lower power consumption due to its simplicity and therefore it is mainly
used in low-power architectures since it implements a usually convenient
trade-off.
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Chapter 2

Robustness and durability aspects in the use of
electrochemical cells

Many studies in the state-of-the-art research tackles the problem of reliability
and cycle-time issues in rechargeable batteries due to charge voltage / current
profile [17, 6]. In other words, battery degradation is commonly tied to recharge
aspects and advanced commercial solutions are nowadays available which
perform specific recharge cycles with controlled profiles [31, 32].

Nevertheless, recent studies associate the state of health of the battery also
to the peculiar discharge profile it is undergone [33, 34, 35]. For example, in [35]
it is established how impulsive discharge current profiles are detrimental to
battery lifetime and reliability.
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Fig. 9 Dependence of Li-Ion battery End-Of-Life with respect to impulsive discharge current
profiles (F. Savoye, P. Venet, M. Millet and ]. Groot, "Impact of Periodic Current Pulses on Li-
Ion Battery Performance,")

In Fig. 9 experimental results show the effect of periodic pulsed profiles on
degradation rates of Li-ion batteries. More precisely, in the graph on the x-axis is
reported a form factor index defined as I/, which is an indicator of the
value of pulses; keeping the average discharge current constant, then the higher
are discharge peaks the fastest is the loss of storage capacity of the battery, which
is a good estimator of the overall state of health. Moreover, it is clear that this
effect is more marked for higher values of the average current (red marks in
figure), mainly due to effects related to the Ohm’s law. Different studies
demonstrates the correlation between high discharge pulsed profiles and Li-lon
batteries lifetime [36, 37], although no clear electromechanical background has
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been identified to explain the detrimental effect caused by impulsive discharge.
Similarly, in [38, 39] physical and empirical models are presented showing how
the cycle life of lithium batteries depends in a complex manner on many factors
including discharge profiles along with chemistry and size of the cells,
temperature of the tests, the charge algorithm, and the initial and final discharge
conditions . From a general point of view, the adoption of load-leveling
techniques, such as the introduction of super-capacitors for filtering purposes, is
a recognized approach in order to improve battery reliability [36, 37].

The relevant aspect of these studies is that many empirical results
demonstrates how impulsive discharge profiles, like the ones shown in Fig. 8
typically associated with DC/DC converter switching activity, have a negative
impact on the cycle life of secondary batteries, if compared to constant discharge
profile with same average extracted current. As a consequence, alternative ways
to reduce or eliminate current peaks drawn from battery sources are currently
studied in order to improve lifetime of the supplied system.

2.1 State-of-the-art solutions

From both commercial and academic point of view some attempts have been
made in DC/DC converters aiming at limiting maximum current or controlling
its average value. In [40] an advanced control on duty cycle is proposed in order
to regulate the current shape of the converter, by adding a weighted dependence
on the inductor current with respect to a predefined maximum current, in order
to prevent the converter from exceeding such value. The objective function of the
control algorithm virtually introduces a dynamic resistance in series with the
inductor, which is modulated accordingly to the battery current in order to limit
its value. Resulting waveforms show that on one hand the average current can
be successfully regulated through the modulation of the duty cycle, yet the
impulsive nature of the waveform is still present as the regulation only applies
to the average value of the current.

Similarly, in [41] a commercial solution is proposed which effectively is able
to control the shape of the current profile rather than its mean value. Yet in this
case an overshoot regulation is performed, in the sense that current shaping is
only accomplished if current drawn from source exceeds a programmable
maximum threshold value; if this happens then current demand is limited to the
threshold value and a constant flat profile is obtained, thus eliminating harmful
peaks. Nevertheless this clamping effect only occurs when power request of
output load exceeds input power, while for low current requests peaks are not
eliminated. On the other hand, when clamping occurs then desired output
voltage cannot be guaranteed anymore.

As a consequence, none of the existing solutions is able to completely
regulate the current profile during normal operations of the DC/DC converter.
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2.2 Studied solution: a more problem-oriented approach

With the aim of completely control the current profile of the battery
discharge a novel architecture is proposed which is able to eliminate all peaks
normally associated with common DC/DC converters. This solution represents
a fully integrated DC/DC converter which has been proposed and that was
subsequently integrated on silicon in collaboration with STMicroelectronics.

The basic idea is that it is physically infeasible to delete the peaks required
by the switching DC/DC converter due to its intrinsic architecture, so the
proposed solution is to insert an additional stage between the battery source and
the active converter in order to decouple them. A schematic of the overall
architecture is presented in Fig. 10, where the intermediate decoupling stage and
the main DC/DC circuit are pointed out. For this purpose, a known buck-boost
architecture has been considered for its generality, although this solution can be
applied to any kind of DC/DC converter.
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Fig. 10 Block diagram of an innovative DC/DC architecture with complete control of required
current profile

The purpose of the decoupling stage is to introduce a current limiter I limiter
in association with a buffer capacitor Cp,s. The source, i.e. the battery, simply
supplies this intermediate stage with a controlled current and almost constant
current, which can be considered safe from the point of view of battery
degradation, and linearly charges the buffer capacitor, while the capacitor itself
acts as the main energy source for the DC/DC converter and therefore provides
the required peaks to the converter. The result is that a constant regulated current
is always drawn from the battery, while all the possibly detrimental peaks are
sustained by the capacitor, which is actually not affected by this kind of pulsed
profile. Of course, the cascading of two blocks poses several constraints related
to the overall efficiency, which is the product of the efficiencies of the two blocks.
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For this reason, the architecture aims at providing the maximum possible
efficiency for every stage.

2.2.1 Battery model

In order to correctly estimate the actual effects of the proposed solution on a
real battery, a widely adopted R-C model of a lithium-ion cell was implemented
[42, 43], which is shown in Fig. 11.
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Fig. 11 Adopted battery model to simulate supply source

Values of parasitic elements were derived from the datasheet of a
commercial NiMH coin cell with 15 mAh capacity and 1.2 V nominal voltage
(Varta® 55602 -101-501). Other models of various complexity are proposed in
literature [44], which also include dynamic characteristics related to the aging
process of the battery, implemented as both schematic and matlab®/symulink®
modules. In future works, the use of this kind of advanced models can also
improve the effectiveness of the proposed solution by better analyzing the
interaction between the battery and the DC/DC converter in the long term.

Moreover, other categories of batteries show considerably higher values of
parasitic series resistance, in the order of few hundreds ohm, like for example in
some kinds of thin-film cells [45]. In this case, the parasitic resistance intrinsically
limits the maximum flowing current and the maximum peaks, but on the other
hand optimal discharge rates, in terms of nominal capacity and end-of-life, are
far below maximum values, so that an additional limitation circuit can improve
robustness and durability for this categories too.

2.2.2 Functional overview

Basically, the decoupling stage is made of a buffer capacitor which is directly
connected to the input source through a current limitation circuit. This forces the
battery to recharge the capacitor with the maximum allowed current, whose
maximum value is defined by the limiter threshold. A constant current is then
drawn by the battery and the maximum allowed power is constantly extracted.
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Consequently, the buffer capacitor is linearly charged till a higher value which
is controlled through the modulation of the switching activity of the following
DC/DC stage. From a functional point of view, DC/DC operations can be
divided in different phases:

a)

b)

Recharge phase

In this startup phase switches A, B are OFF, C, D are ON. No energy is
transferred from input source to output load and buffer capacitor is linearly
charged from zero to a predefined high level threshold which can be defined
as a percentage of battery voltage on- V.

ON phase

Once buffer voltage reaches an- Vi, conversion is activated and switches A,
D are ON while B, C are OFF. With this configuration inductor L is charged
while buffer capacitor is partially discharged, so that its voltage start
decreasing. This phase ends when buffer voltage goes below a predefined
low level threshold which in turn can be defined as a fraction of battery
voltage o Viur. Disregarding the loss effects due to parasitic resistances of
the circuit and under the assumption of discontinuous current conduction in
the inductor, we can state that the energy extracted from the capacitor is
totally stored in the inductor, according to the formula:

1 yields Cb fbez (CZIZ{ - (X,%) viii
ECbufbezatt(alzi —af) = z“fmx — Iyax = J “ anL (viti)

where Iymax is the peak current inside the inductor at the end of the ON phase.
Under the same approximation the duration of the ON phase can be
estimated according to:

1 T\ yields a; )
V(t) = aygVpqe Sin (—t + —) ——tyoy = VLC - cos™?! (—) (ix)
HVbatt ,—LC 2 ON an

which refers to the common solution of an L-C resonant circuit, formed by
inductor L and capacitor Cpus.

On the other hand, if we consider a real resistive path R between the
buffer capacitor and the inductor, and introducing following parameters:

R 1 R ’C
— . — . —— |=. — 1 _7z2
{ a 2L » Wo ( 2 1L ;o Wq Wo 1 (
equations (viii) and (ix) must be updated as follows:
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which cannot be solved analytically for ¢, so that a definite algebraic form
cannot be found for Imax and Ton. As a consequence, the efficiency of the

energy transfer between the buffer capacitor and the inductor depends on
the transfer time, with the following expression:

B 1 e [SiIn(Wqt) ’
(xii) NerorL = \/1_—(29 sin(wgt)

c¢) OFF phase
Once ON phase is ended, energy stored inside inductor is transferred to the
output load, by configuring switches A, D OFF and B, C ON. This phase ends
when all energy stored inside inductor is transferred to the output load, i.e.
when current inside inductor goes to zero, regardless the voltage value of
the buffer capacitor. At the same time, the source battery recharges the buffer
capacitor and its voltage value increases again. At the end of the energy
transfer operation, when inductor current is zero, if buffer voltage has
already reached the higher threshold an- Via: then the converter immediately
switches to the ON phase, otherwise it waits in Recharge phase till the higher
threshold is reached again. In general, for applicative reasons, the output
node is connected to a highly capacitive load, so that its voltage can be
considered approximately constant for the time of a single conversion cycle.
That being so, during this phase the current inside inductor is linearly
decreasing. Then, the duration of the OFF phase time can be evaluated with:

L[MAX

(xiii) torr =
VOUT

The resulting waveforms are shown in Fig. 12. The red line represents the
variation of buffer capacitor voltage over time, while blue lines show the
evolution of the current drawn from the battery, the current inside the inductor
and the current provided to the output, respectively.

As previously mentioned, the four-switch topology was chosen for its
flexibility which allows to implement different types of conversion strategies by
simply changing the digital control logic which drives the switches. Similarly,
the described behavior and temporization for implementing a buck-boost
converter is only one of the possible choices, and it was adopted due to its
simplicity, since the main topic of the project is to study the interaction between
the current limitation and at the input stage and the actual DC/DC conversion
stage, and its potential benefit on the battery source end of life. Nevertheless,
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more complex and efficient solutions are proposed in literature for the control
logic, for example by introducing additional phases which includes the
possibility to temporarily have A,B ON and C,D OFF, this reducing the root mean
square (RMS) value of the current inside the inductor with a benefit for the
overall efficiency, at the cost of a more complex digital block [46].

Consequently, after verifying the effectiveness of the studied solution, more
advance architectures (like in [46]) are worth to be investigated in order to
further improve conversion efficiency.
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Fig. 12 Waveforms of respectively: Buffer capacitor voltage, Current drawn from battery, Current
flowing inside inductor element, current provided to output load, in the proposed DC/DC solution

2.2.3 Control signals

In order to correctly manage the timing of all phases, some comparator
circuits have been added for monitoring the voltage of buffer capacitor and the
inductor current. A more detailed description of internal architecture with
additional comparators is shown in Fig. 13.

e Comparator TH is connected to the buffer capacitor and has a hysteretic
behavior between oy Vi and or- V. It generates a control signal which goes
high when buffer voltage exceeds on:Vyr and returns low when buffer
voltage falls behind or- Via.

e Comparator ZCS monitors the voltage drop across switch C. During OFF
phase, a positive current flows from the source node of the MOS (connected
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to ground) to the output load through the inductor. To do so, drain node of
MOS C (connected to inductor L) temporarily drops below zero voltage to
allow the current flow in that direction. At the end of OFF phase the current
is zero, so drain voltage returns positive. ZCS comparator senses this zero
crossing and generates a trigger signal when current runs out, informing that
OFF phase must be terminated.
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Fig. 13 Block diagram of control signals required to manage DC/DC switching periods in proposed

solution

e Comparator EN is an additional module which is required to control output
voltage. As introduced in section 1.5, in common DC/DC converters the
output voltage is often regulated by modulating the duty cycle of the
switching activity. Conversely, in this implementation duty cycle is
regulated by the specific timings of the ON, OFF and Recharge phases. For
this reason, output voltage is here regulated by mean of an on-off hysteretic
algorithm: if output voltage is below desired value (named REF V in picture),
then converter is enabled and load is being charged, otherwise system is
disabled (A, B OFF, C, D ON).

2.2.4  Comparison circuits

An overview of comparison circuits is presented in this section.

CompTH

Comprn is a typical cross-coupled cross-gate architecture with hysteresis,
depicted in Fig. 14. Bias current is 60 nA, with a resulting quiescent current of
about 800 nA, while a hysteresis of about 40 mV is obtained through coupled
MOS M1-M3 and M2-M4. However, the introduced hysteresis has the only
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purpose of increasing the stability of comparator, and it is not used to implement
the two thresholds ox and ar. On the contrary the two thresholds are set through
an external conditioning circuit (typically a resistive divider), which provide
both thresholds to the system. Then, the correct threshold to be used (high or
low), is selected through a specific multiplexing circuit. The resulting
architecture is shown in Fig. 15.
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Fig. 14 Schematic of a first comparator architecture for monitoring voltage of buffer capacitor

When threshold signal TH is low, ox- Vi is used as comparison signal for
Viug. As soon as Vi exceeds the value of on-Viar, TH goes high and comparison
signal is set to ar- Vi thanks to multiplexer MUX. As a consequence, TH signal
remains high till Vg drops below ar- V. Thanks to this architecture, hysteretic
behavior is obtained through just one comparator circuit, with a benefit in overall
power consumption. Finally, the two thresholds can be set externally, which is
fundamental in order fit the behavior of the system to the specific application. In
fact, as explained in section 2.2.2, this two thresholds affect switching frequency
and average extracted power from source, as well as overall efficiency as
explained in detail in section 2.2.6.
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Fig. 15 Schematic of the proposed solution of a full comparator with external programmable
: ) :
hysteresis
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Compzcs

Comparator ZCS has a different role, since it has to detect the amount of
current flowing inside the power MOSFET by means of its drain-source voltage,
and its architecture is quite different too, as shown in Fig. 16.
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Fig. 16 Schematic of a second comparator architecture for zero-cross detection (a) and specific
application for monitoring end of OFF phase in proposed architecture

With reference to Compzcs, Fig. 16 (a), a proportional current is forced to
flow through the two parallel branches br; and br;, which is only possible if V+
is lower than V-. In this situation the current flowing in br; forces V, to a low
value, and Vour is consequently high. On the contrary, if V+ is higher than V-, a
lower current is allowed in br,, and force V, to rise to a value closer to Vgarr. This
specific architecture is used to handle input signals which are close to ground or
even negative, which would not be possible with an architecture similar to the
one presented if Fig. 14. As a matter of fact, comparator ZCS is used to monitor
the current flowing through one of the power switches connected to ground of
the DC/DC converter, as shown in Fig. 16 (b). During the ON phase, a positive
current flows from source to drain of MOS C, and consequently a negative
(below ground) potential is forced on the drain node by the inductor current. The
role of ZCS comparator is to detect when this current goes to zero, this meaning
that the drain voltage returns positive. As a consequence, in this application node
V- of comparator Compzcs is connected to ground, while V+ can be either
positive or slightly negative. The proposed architecture is therefore capable to
handle this specific range, differently from previous solution. Concerning
quiescent current, a simulated value of approximately 600 nA is obtained for this
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architecture. The multiplying factor x4 is used in order to speed-up the response
time of the comparator, while the introduction of LDMOS LD; with cascoded
configuration is necessary to protect the rest of the circuit from the possible
voltage spikes associated with the inductor behavior during commutations
between ON and OFF phases.

CompEN

For what concerns comparator EN, an architecture similar to Comprn can be
used. Nevertheless, in the proposed solution, the control of the output voltage
has been left outside the integrated circuit, and the enable signal EN must be
provided to the circuit though an external pin.

2.2.5 Cross-conduction aspects

The management of signals A,B,C,D along with their correct timing, is
accomplished through a dedicated digital module which has been implemented
with a standard automatic digital flow starting from a Verilog HDL [47]
description of the behavior of the block.

If compared to a general purpose DC/DC converter, this architecture works
either on the boundary between continuous and discontinuous conduction mode
(see section 1.5) or in discontinuous conduction mode, depending on whether
the buffer voltage is already above the high threshold at the end of the OFF
phase. In any case, energy stored inside inductor in each cycle is always

1
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Similarly to common DC/DC architectures, it is necessary to carefully avoid
cross-conduction effects during commutations between ON and OFF phases.
More precisely, it is necessary to avoid any conductive path between input or
output and ground through the switches elements. This can easily happen if

e During the commutation between OFF and ON phase: switch D is closed
before B is opened or switch A is closed before C is opened.

¢ During the commutation between ON and OFF phase: switch B is closed
before D is opened or switch C is closed before A is opened.

This means that in the first case the switching on of D and A should be
delayed compared to B and C, while in the second case their switching off should
be anticipated compared to same signals.

In order to understand how to cope with this effect, it is worth noting that
although the adopted architecture presents four switches, they can be grouped
accordingly to their state during ON and OFF phases. More precisely, A and D
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are always ON together (during ON phase) and always OFF together (during OFF
phase). Conversely, B and C are always ON together (during OFF phase) and
always OFF together (during ON phase). For this reason, a single control signal
may be generated to drive switches A-D and another single one may be
generated for B-C.

From an operative point of view, switches A and B are implemented via a
power pMOS, so they are ON if driven by a low signal, while switches C and D
are implemented via a power nMOS, so they are ON if driven by a high signal.
Consequently, although from a logical point of view it is reasonable to group
switches as A-D and B-C, from an electrical point of view it is more convenient
to group control signal as A-C and B-D. As a matter of fact, if we connect A-C to
the same signal then one and only one of them is ON, which is exactly what we
expect; same behavior can be obtained with a unique control signal connected to
B-D. That being so, we can consider separately the two control signal A-C and B-
D and insert a proper delay in each of them in order to avoid cross-conduction.
If we consider signal A-C (the same approach can be used for B-D), then it is true
that:

o If Aislow (switched on) converter is in ON phase and therefore C should be
delayed compared to A.

e If A is high (switched off) converter is in OFF phase and therefore A should
be delayed compared to C.

In order to obtain such behavior, a dedicated mixed analog/digital circuit
has been introduced, shown in Fig. 17.

RC delay circuit

A-C del

Fig. 17 Proposed circuit to introduce specific delays in control signals of DC/DC converter in
order to avoid cross-conduction during commutations

2.2.6 Efficiency aspects

Due to the insertion of the decoupling stage an efficiency reduction must be
taken into account, which is directly related to the operative voltage of the buffer
capacitor. As a matter of fact, if in first approximation we consider as negligible
the current consumption of the limiting circuit, then input and output current of
decoupling stage are the same, and therefore efficiency can be exactly defined as
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the ratio between output and input voltage. As already introduced in section
2.2.2, the buffer capacitor is continuously switching between two different
thresholds au-Viatt and 01 Viar, as recalled in Fig. 18.
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Fig. 18 Waveform of buffer capacitor voltage during normal operation of proposed DC/DC

converter

Consequently, the average dropout voltage is

aH + aL 79
Vdrop = T *Vpar (xv)
while resulting efficiency can be estimated as:
ay +ag
POUT VOUT 2 VBAT (ZH + aL .
Num = = = = (xvi)
Py Vin Viar 2

It is clear that the higher these thresholds are, the higher is the resulting
efficiency. Nevertheless, it is not suitable to choose the high threshold too close
to Vparr since it would imply the development of a comparator with an increased
complexity, which would increase power consumption beyond the increase in
efficiency, since it should be able to detect a signal which is very close to its
supply voltage. Similarly, the low threshold cannot be chosen too close to the
high one, otherwise the switching frequency could reach high values and
threshold comparators should have therefore very high bandwidth and
precision with, once again, increased power consumption that would not justify
the increased efficiency. As a consequence, a proper trade-off should be
considered to define the thresholds. Reasonable values in the range of 98%-99%
for ap and 90%-95% for o are acceptable. For example, with a high threshold of
98% and a low threshold of 92% the obtained efficiency is 95%.

Finally, the efficiency related to decoupling stage must be combined with the
efficiency of the cascaded DC/DC stage, according to:

Nror = Mbpc/pc " Nrim (xvii)
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so that efficiency of DC/DC stage should be carefully considered in order to
overcome the losses introduced by the decoupling stage.

2.2.7 Studied solutions

For what concerns implementation of limiting decoupling stage and digital
control, different solutions have been studied aiming at reaching various targets
mainly related to the heterogeneity of IoT applications already introduced in
section 1.1. More in detail three solutions have been implemented:

e An adaptable limiter architecture: considering the capability of forcing a
constant regulated input current flowing from battery to DC/DC, it is
interesting to include the capability of dynamically regulate the value of the
constant current, in order to fit it to the specific kind of battery or to the
average power requirements of the load.

e An ultra-low power architecture: as already mentioned in section 1.4, since
in IoT applications it is common to use micro-power energy harvesting
sources for increasing the lifetime of the system, then a nano-power
architecture can successfully work even in the weakest conditions and then
extend the operating time.

e An improved efficiency architecture: in order to partially overcome the
efficiency limitations related to the decoupling stage estimated in (xvi), new
approaches are investigated in the direction of increasing transfer efficiency
between buffer capacitor and output capacitor, by exploiting different
techniques like for example adiabatic charging.

Although these different solutions have to be suitable to operate at switching
frequencies of DC/DC converter of few hundreds of kilohertzes, this is not the
main timing constraint they have to satisfy. As a matter of fact, they are supposed
to correctly operate, i.e. to limit the flowing current, even during the fast
transitions between on and off stages of the converter, which may occur with
slew-rates in the order of 1-2 V/ns, in a bandwidth of hundreds of megahertzes.
As a consequence, particular attention has been devoted to the design and
dimensioning of these blocks in terms of timing response, as explained in detail
in following sub-sections.

2.3 An adaptable limiter architecture

A first solution with a configurable current limitation module is proposed,
which is able to efficiently meet the specifications of the source battery and to
adapt to the power demand of the load.
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The structure of the limiting circuit is shown in Fig. 19, and basically consists
of three different current mirrors.

The first one, composed of MOSFETs M1 and M2, is a simple mirror, whose
purpose is to replicate a 100 nA reference current inside the integrated circuit
with an x4 factor. By doing so, the main current branch is not directly applied to
the external generator, whose impedance specification is actually unknown and
that could be detrimental to the overall operation. Conversely, critical stages are
connected to this first mirror, which can be dimensioned accordingly.
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Fig. 19 Block diagram of the proposed structure of the current limiting stage based on a cascade of
current mirrors

The second stage is a programmable mirror composed by M3 and M4-7. Four
transistors with different sizes M4-7 are included for implementing four different
mirror ratios (x3, x8, x38, and x114). Supplementary transistors are also included
in order to select one out of M4-7 through two dedicated input signals.

Finally, an output stage is designed, implementing a feedback-compensated
current mirror with an x330 ratio (M8, M9, and MO0). This architecture allows
compensating mirror mismatch due to different values of drain voltage between
input and output branches [48, 49]. As Vour is forced by the output capacitance,
then we need to add the feedback circuit composed by the OPA and M9, which
actually modulates the resistance of M9 in order to minimize the voltage drop
between the drain terminals of M0 and M9. The resulting circuit acts like a single
current mirror with four programmable output currents of 396 nA, 1.056 mA,
5.016 mA or 15.048 mA. The selection of desired programmable current is
performed by mean of two external pins.

For what concerns the specific efficiency of this block, considering the bias
current we can infer that, with respect to output current, the current flowing in
feedback-compensated mirror is at most equal to:

Ipias = Ipiasyge t Iprasy,, + Isiasys =

(xviii)

1 1 1
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which can impact as a 0.5% loss in efficiency as worst case. On the other hand,
bias current of op-amp OPA is approximately 1 pA, thus accounting for another
0.4% loss as worst case. Ultimately, an overall 1% loss in efficiency can be
considered for all bias currents of this block.

2.3.1 Simulation results

Simulation results of the designed block are shown in Fig. 20.
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196.51 ps 553.23 ps 803.24 s Time

Fig. 20 Simulation results of the proposed structure of the current limiting stage based on a cascade
of current mirrors, considering required current peaks by the DC/DC of 85 mA

Presented waveform refers to a programmed limitation of 400 pA with a
buffer capacitance of 20 pF and source voltage equal to 3 V, with associated
current peaks required by the DC/DC converter of approximately 85 mA.
Controlled spikes of about 10%-20% are present in correspondence with DC/DC
commutations. However, such fluctuations are negligible with respect to peak
currents generated by conventional converters, which are correlated to battery
reliability issues. Similar results are obtained for the other programmable
limitation values.

In Fig. 21 two waveforms are presented related to current inside inductor
(blue) and current provided to output load (red), with a maximum current of
about 87 mA. Simulated results have been obtained with following
dimensioning:

Table 1 Dimensioning of the test case used to obtain current waveforms of proposed DC/DC
converter

Parameter Value Unit
VBatT 2.8 AV
Vour 2.45 \Y

(035 98 %

ar 92 %
Ton 3.51 us
Imax 87 mA
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Fig. 21 Simulated waveforms of respectively: current inside the external inductor (blue) and
current provided to the output load (red) for the proposed DC/DC converter

Moreover, a parasitic current peak is observed at the end of the OFF phase,
mainly due to capacitive coupling between drain node and gate / source nodes
of the output switch B.
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Fig. 22 Analysis of the parasitic current peak that occurs during commutations of proposed DC/DC

converter
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As a matter of fact, in order to reduce the intrinsic resistance of the switches,
which is actually a predominant factor in determining the overall efficiency of
this kind of DC/DC converters, width values must be chosen in the order of few
tens of millimeters, this leading to significant parasitic capacitances.
Nevertheless, the impact of such peaks is substantially insignificant when
compared to the amount of energy transferred per cycle, as observed in Fig. 22.

It is also worth noting the time gap between the rising of control signal of
switch B and control signal of switch D, which is regulated by delay structure
described in Fig. 17 in order to avoid cross-conduction effects.

2.3.2 Physical implementation

Entire design has been developed in a 180 nm BCD technology, which allows
to combine on the same substrate bipolar, CMOS and DMOS devices [50].
Thanks to this feature, digital block has been developed with CMOS standard
cells using automatic CAD flows, while in main DC/DC 5V-tolerant MOS
devices have been mainly used. For power switches double diffusion DMOS are
finally used. Resulting physical layout is presented in Fig. 23 with different
sections highlighted. Along with described modules, some complementary
circuits are designed for service purposes.

Digital
Shutdown control
circuit .
_ Drivers and
references
Power DMOS Decoupling
switches -

stage

Fig. 23 Layout of proposed DC/DC converter with current limitation based on a cascade of current
mirrors

A series of adopted circuits was made available in process libraries, among
which:

e Drivers
Digital signals are both 1.8 V and 5 V due to compatibility issues
with external world, so dedicated level shifters must be included.
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Output switch MOS B is connected to a load which may have a
voltage level higher than battery supply, so its control signal on gate
terminal should be able to reach the output voltage in order to
correctly switch it off, this requiring a specific driving circuit.
Operative range of proposed designis 2.0 V - 6.2V, in order to match
specifics of common commercial batteries. Since operative range of
standard CMOS devices in the adopted 180 nm BCD technology is
maximum 5 V, then ad-hoc regulators are needed to clamp supply
voltage.

Specific delay RC circuits are designed to regulate timing aspects of
particular signals, like for example for control signals of switch
drivers to avoid cross-conduction (Fig. 17).

e References

Dedicated circuits are included to generate bias currents for analog
circuits.

e  Shutdown circuits

Additional modules are designed in order to completely switch off
all the circuits so providing a zero-bias shutdown mode.

In this scenario, the proposed design was included in a more articulated
integrated circuit dedicated to power management functions for IoT
applications. The overall design is shown in Fig. 24.

3050 pm

Propesed
solution

650 um

350 pm

Fig. 24 Prototype of the power management IC including the proposed solution

Finally, in Table 2 a summary of principal features of the implemented
design is presented.
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Table 2 Electrical characteristics of the proposed DC/DC architecture with current limiter

module based on a cascade of current mirrors

Parameter | Value | Unit
Design
Input Voltage Range 2062 |V
Output Voltage Range 0-8 \%
Quiescent Current ‘ A‘L pA
. Limiter | DC/DC 9% | 89 |,
Efficiency Overall 35 %
Thresholds (an- an) 92-98 % of VpaT
Area 0.2275 | mm?
Switch A (W/L) 14/0.6 | mm/pm
Switch B (W/L) 14/0.6 | mm/pm
Switch C (W/L) 7/043 | mm/pm
Switch D (W/L) 6/0.6 mm/um
External components
Csurr 1 uF
L 100 uH

24 An ultra-low power architecture

A second architecture has been investigated with an ultra-low power current
limitation circuit, in order not to drain battery charge over time and to better suit
the shortage of energy typically experienced in harvesting applications.

The structure of the limiting circuit is shown in Fig. 19, and basically consists
of a feedback architecture with a sense resistor and a control P-MOS driven by
an op-amp with a fixed input offset.

AVmax o« Vinarm

RSEHSE
VDC,:'DC VDUT
. | Switching
lim DC/DC

+
Op Amp

VFEEDBACK

BATTERY

Fig. 25 Block diagram of the proposed structure of the current limiting stage based on feedback
architecture with an operational amplifier and a sense resistor
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From an operative point of view, the operation amplifier is designed to have
a fixed input voltage offset. Resistor Rsenst is dimensioned to have a voltage drop
equal to the input offset when the desired current is flowing. Consequently, the
operation amplifier tries to maintain the voltage drop constant across the
resistance by modulating the impedance of the PMOS Z through its gate
potential.

This is a simpler solution compared to the one presented in section 2.3, and
provides a fixed regulation for the current which is defined by the predefined
value of the resistor Rsense. On the other hand, this architectures guarantees a
significantly lower power consumption since bias currents are only related to the
implementation of the operational amplifier, while in the previous solution the
adoption of the cascade of various mirror stages requires the duplication of a
scaled current in each stage. Such lower static currents in the order of few
hundreds of nanoamperes produces a negligible effect of the state of charge of
the battery over time. The most remarkable aspect related to this solution is the
introduction of specific dynamic biasing techniques, which guarantee high slew
rates of the output signal yet maintaining low values of quiescent currents. More
precisely, target values for the design are less than 1 pA of quiescent current with
output responses of 20 mV /ps for output loads of 500 pF.

24.1 Feedback regulation with dynamic biasing

From an implementation point of view, the operation amplifier consists of a
common structure with an input differential stage and a gain stage, plus biasing
circuits.

In order to obtain a stable value for the offset value, a BJT differential stage
is proposed in Fig. 26.

RSENSE

—_—
/ lim

Fiq. 26 Differential stage of the proposed operational amplifier
S . S . J
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Main differential pair if formed by B]T devices L and R. Since their area is
different, while their collector currents are equal due to the connected nMOS
current mirror, then an input offset proportional to the thermal voltage is
obtained, accordingly to the formula:

V =V la(R)—lez—m V (@ 300 °K
(xix) OFFSET = VT na(L)_ q nz2= mV ( )

The offset is then only dependent on thermal voltage, which is mainly
uncorrelated to process variation but directly proportional to temperature. On
the other hand, Rsgnse has a temperature dependence too, according to its
Temperature Coefficient of Resistance (oo ppm/°C), so that the resulting limited
current can be expressed with the following formula:

VOFFSET kT - lI‘l 2
(,\',\') Ilim = = i -6 —6
Rsgnse G Rspnse nom[Ta1076 4+ (1 — Tpppna107)]

being Rsense_nom the nominal value of Rense at Thom (typically 300 °K). If the
Temperature Coefficient of Resistance - a- is equal to Tyon1-10, then resistor Reense is
in first approximation proportional to absolute temperature (PTAT), and as a
consequence the limited current I;;, is no longer dependent on temperature, as
expressed in:

kT -In2 kTpom -In2
(xxi) Lim = = (if Rsense PTAT)

q 'RSENSE_nom[T : Tnom_l] B q " Rsense nom

Common aluminum resistors, which has a temperature coefficient of about
3900 ppm/°C, can be a good choice to approximately match the required 3333
ppm/°C in order to obtain the desired PTAT resistance. Alternatively, other
elements can be adopted, like Tantalum or Constantan, which offers a closer
value of temperature coefficient, or it is also possible to combine heterogeneous
resistors together.

Common base structure B is used to set bias current in the differential stage,
while cascoded pair C is added in order to shrink the dynamic of the output
signal so improving the time response of the system.

Considering these dimensioning, in order to obtain a controlled current of
about 400 pA, a resistor of about Vorrser/400 nA =18 mv/400 pA =45 Q is the
correct choice.

An additional stage is added in order to increase overall gain and improve
response time of operational amplifier. The gain stage is depicted in Fig. 27.
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Fig. 27 Gain stage of the proposed operational amplifier

T

Gain is obtained by mean of the g of M;, while polarization current is
provided by Jg. The combination of J4, Js and Jc provides a dynamic biasing
architecture which is fundamental in order to contain the quiescent current of
the circuit while guaranteeing high frequency response.

During normal operation, output node Vpcpc suffers from relatively fast
transitions from high to low voltage values due to the switching activity of the
subsequent DC/DC converter, and as a consequence the feedback operation
amplifier should guarantee very fast transitions, in the order of few
microseconds, from low to high voltage values in order to compensate the
current flow through the control MOS P. On the other hand, the parasitic
capacitance associated with MOS P is relatively high, in the order of hundreds
of picofarads, since its form factor should be large enough to minimize parasitic
resistance.

So in order to limit the static power consumption, a dynamic biasing
mechanism has been adopted to provide higher bias only during these fast
transitions.

The polarization stage is based on a buffered feedback BJT current mirror (Ja,
Js, Jc), which copies the bias current to the common emitter stage, while a
bootstrap capacitor Cgoorsrrar is added which connects the common base node
and the fast-moving output node. As output node rapidly goes down, the
bootstrap capacitor forces a higher Vg voltage on [, thus temporary increasing
the available current to charge the feedback node. The additional bias then
decays with a time constant given by the bootstrap capacitance and the series
resistance R towards the BJT base. Thanks to this architecture, starting from a
static bias current of solely 800 nA for the whole op-amp, it is possible to obtain
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a peak output current of up to 10 pA with a voltage drop of 100 mV on the
bootstrap node during commutations.
Finally, a compensation capacitor Ccomp is included for stability purposes.
Results and dimensioning of passive elements used for dynamic polarization
and compensation are reported in Table 3.

Table 3 Dimensioning of the dynamic biasing architecture for the proposed solution of a current
limiter based on operational amplifier feedback and sense resistor

Parameter Value Unit
CrootstrAP 20 pF
CcomPENSATION 150 fF

R 1 MQ
Time constant of dynamic polarization 20 us
Bias current 800 nA

Biasing voltages are obtained through a bandgap structure reported in Fig.
28, featuring a common BJT architecture with degeneration resistor R1 [51]. The
insertion of B1 and B2 as bootstrap devices is necessary to guarantee the correct
switching on of the bandgap after power on.

VBATT

Fig. 28 Bandgap reference voltage circuit of proposed operational amplifier
2.4.2  Simulation results

In Fig. 29 simulated results are shown related to limiter module with a 3 V
battery source. It is possible to note the fast transition of the Vpc,pc node of about
30 mv/ps and the resulting compensation of the gate voltage of PMOS (in red).
The consequent regulation of the battery current in blue shows a stable behavior
during the transition with a small variation between 430 pA and 330 pA with a
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nominal expected value of 400 pA. Furthermore a short impulse of about 20 mA
for 10 ns is observable at the end of transition mainly due to commutation of the
digital logic, especially with reference to driving elements of the power
MOSFETs. A slow variation of regulated current during commutation is in any
case acceptable since it doesn’t introduce degradation effects for the battery
source, while the final peak is anyhow negligible with respect to the ones
required by the DC/DC stage and it can be potentially reduced by using proper
filter capacitors. The capacitance associated to the gate of MOS P is
approximately 500 pF, and thanks to the dynamic biasing providing an extra
current of 10 pA the required slew rate of 20 mV/ us is eventually obtained.

The switching stage is the same as in the previous solution and therefore for
related waveforms the reader can refer to Fig. 21 and Fig. 22.
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Fig. 29 Simulated waveforms of respectively: output voltage (red), requlated current (blue) and
feedback control signal (green) for the proposed solution of a current limiter based on operational
amplifier feedback and sense resistor

243 Physical implementation

From an implementation point of view, in order to minimize power
consumption, the operating range of solution has been reduced to up to 5V,
which is sufficient for most rechargeable Li-ion batteries operating at 4.2 V. Then,
in this specific version of the circuit, no additional gate driver was necessary.
Moreover, switch-off circuits have also been eliminated so that bias current of
the entire system can be reduced to that of the current limiter module.
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Fig. 30 Layout of the proposed DC/DC converter with current limitation based on a feedback
architecture with operational amplifier and an external sense resistor

Layout of designed solution is presented in Fig. 30, where it is clear that a
considerable portion of the overall area is used to implement the bootstrap
capacitor for dynamic biasing.

Moreover, in this version of the circuit, the delay blocks used to shift edges
of control signals of power switches to avoid cross-conduction are implemented
through specific digital delay blocks instead of standard RC circuits, in such a
way that their insertion has been integrated in the design of the digital block.

Final simulated results and characteristics of the proposed solution are
reported in Table 4.

Table 4 Electrical characteristics of the proposed DC/DC architecture with current limiter
module based on a feedback architecture with operational amplifier and sense resistor

Parameter | Value | Unit
Design

Input Voltage Range 2050 |V
Output Voltage Range 0-5 \4
Quiescent Current ‘ 0}8 LA

- Limiter | DC/DC 9% | 94 |,
Efficiency Overall 39 %
Thresholds (an- an) 92-98 % of Vpat
Area 0.3454 | mm?

2.5 Animproved efficiency by means of step-wise energy
transfer architecture

One of the most relevant limitation about the proposed architecture is the
efficiency loss due to the first limitation stage. Aiming at overcoming this
limitation an improved solution is proposed to implement a more efficient
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energy transfer between the buffer capacitor and the output load, in order to
partially compensate the energy losses of the first stage.

The modified approach consists in introducing the concept of quasi-
adiabatic capacitive charge [52], in which the overall charge of a capacitor is split
into multiple charges at intermediate values of the final voltage. This method is
proved to be the best solution for capacitive charge in terms of power dissipation
[53]. Using this idea, a stepwise charge of the output is proposed which actually
splits the transfer into N consecutive steps of 1/N energy amount, as shown in
in Fig. 31.

As a consequence, peak current inside the inductor is limited with respect to
the case of a single step, which also reduces losses. As a matter of fact, since the
circuit is basically composed of resonant LC elements, the current waveform is a
portion of an exponentially damped sinusoid, where the damping factor is
related to all parasitic resistances in the current path.
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Fig. 31 Waveforms of respectively: buffer capacitor voltage (red), current flowing inside inductor
(blue) and control signals (grey) for the proposed solution of a DC/DC converter with stepwise
energy transfer

Each stepwise energy transfer has a shorter duration than a one-shot
transfer, then the damping effect is limited too [54], which means that the fraction
of lost energy is reduced. As in quasi-adiabatic charge, the split is applied to the
output voltage, so that the resulting charge is not linear.

From a practical point of view, an additional external clock source is
provided to the digital block in order to regulate the timing of each step.
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Furthermore, a complete redesign of the digital functionality is necessary in
order to handle the new stepwise approach.

In the original solution, the ON phase lasts exactly the time needed to
discharge the buffer capacitance from oy Vi to ar- Vi (see section 2.2.6), while
the OFF phase lasts exactly the time needed to nullify the current inside the
inductor. Differently, in this case, as soon as the high threshold is overcome, i.e.
when the TH signal is asserted, the stepwise transfer is started, and a precise
sequence of ON-OFF phases is performed, each regulated by the frequency of the
external clock.

Always referring to Fig. 31, a new signal IMS (I max switch) is added, which
is necessary to trigger the changeover between an ON and OFF phase, and which
is generated from the clock signal, as explained in section 2.5.1. The OFF phase
indeed always ends as soon as the current inside the inductor falls to zero, as in
previous solution. It is obvious that the clock frequency, by regulating the
duration of the ON phase, regulates accordingly the maximum current flowing
through the inductor.

The use of a generated IMS signal instead of the simple clock signal is
necessary due to synchronization problems with the control signals that advise
the overcoming of the high and low threshold. As a matter of fact a problem may
occur if the first ON phase is too short, i.e. the first IMS edge is too close to the
edge of the TH signal. In this circumstance the maximum current inside the
inductor is therefore limited, yet a minimum value is required by the ZCS
comparator to properly detect the zero-cross event. In other words, ZCS
comparator is able to correctly detect the zeroing of the inductor current only if
it has reached a minimum value in advance, as shown in graph of Fig. 32.

I
LMIN | mimmimim

0

ZCS

/ \ \ time
Comparator  Zero-cross Missed
initialization  detection transaction

Fig. 32 Timing issue in detecting zero-current condition for proposed DC/DC converter with
stepwise energy transfer

251 Maximum current signal (IMS) generation

For this reason IMS signal is introduced, which is generated as following:
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e  When TH goes high, if CLK is high then IMS is triggered by a positive edge
of CLK. On the contrary, if CLK is low then IMS is triggered by a negative
edge of CLK. In this way the first ON phase after DC/DC activation has a
length of at least half clock period.

o After TH goes down, the current energy transfer is completed, that means
that the ON phase is in any case ended by the IMS signal, even if TH has
gone done in the meanwhile. Again, this is necessary to prevent an
excessively short first stage and the resulting malfunctions of control
comparators. With this behavior, the voltage of buffer capacitor may
potentially fall down below the low threshold, this having a negative impact
on efficiency. Nevertheless this is a negligible effect compared to the
advantages provided by stepwise transfer.

The proposed solution has a positive impact on converter efficiency if
compared to a single-step architecture. Under the approximation that each step
has a triangular current waveform of length Tcrk, energy losses due to resistive
paths can be estimated as:

TcLk TcLk 1 2 1 .
Eyoss = f R-I(t)%-dt = J R- { max. t} +dt = Rlfax 5 Tewe (1)
0 0

TC LK

As a consequence, a general equation for comparing single-step versus
stepwise transfer is

1 2
ELossmuiti) R '3 (IMAX(multi)) * Noreps * Terk 1 (xxiii)
= = xxiii
E ; 1 2
LoSS(single) R - 3 (\/ Nsreps * IMAX(multi)) " Nsteps " Terk -V Nsreps
The resulting improvement in efficiency is
E. — ELUSS(single)
IN
. _ Ew = Erossomuriy v Nsrers . +(1-n ) (1 1 ) (xxiv)
i = - - ingl - ingli . -
multt EIN EIN single single m

basically proportional to the inverse of the square root of the number of steps. In
Fig. 33 a graph is presented which shows the estimated improvement in transfer
efficiency thanks to step-wise transfer with respect to different single-step
efficiencies.
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Fig. 33 Analytic graph of the efficiency improvement due to step-wise energy transfer: obtainable
efficiency vs number of steps

Considering the impact on efficiency due to the introduction of the clock,
which operates at hundreds of kHz in our case, state-of-the art external
oscillators operating in this range feature bias currents down to 500 nA [15],
while integrated solutions reach down to 24 nA [16]. In worst case of an external
oscillator, the overall impact on efficiency due to the additional consumption can

be estimated in the order of 0.5(nA)/400(nA) = 0.12%.
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Fig. 34 Simulated waveforms of respectively: buffer capacitor voltage (purple), current flowing
inside inductor (red), current provided to the output load (blue) and clock signal (green) for the

proposed solution of a DC/DC converter with stepwise energy transfer

Fig. 34 depicts simulated current waveforms for inductor and output
capacitance, showing a 17-step transfer with a maximum value Imax of about 130
mA lasting 17 clock periods (Tcrx) at 125 kHz. Simulation results, with Cpust = 20
uF, L =100 pH and fc x = 125 kHz are shown in Table 5.
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Table 5 Electrical characteristics of the proposed DC/DC architecture with stepwise energy
transfer

Parameter Value Unit
Input Voltage Range 2.0-6.2 \
Quiescent Current ‘ 4‘ pA
. Limiter | DC/DC 93 92 o
Efficiency Overall 36 %
Thresholds (an- an) 93-97 % of Vpar
Area 0.2335 mm?

For what concerns the implementation of current limiter module, drivers
and other components this architecture reuses the solution provided for the
adaptable limiter design (see section 2.3).

The two solutions are therefore substantially identical except for the
implementation of the stepwise transfer procedure, which actually impact only
in the design of the digital block, while all other modules are unchanged.
Layout of this solution is presented in Fig. 35, where it is possible to notice the
enlargement of the digital block due to its increased complexity.

Enhanced
Shutdown || Digital control

circuit .
{| Drivers and

_ references
Power DMOS _|

il Decouplin
switches - upiing

stage

Fig. 35 Layout of proposed DC/DC converter with stepwise energy transfer architecture

2.6 Results and discussion

Preliminary tests have been performed on samples of the three integrated
solutions in order to verify general behavior and validate proposed
architectures. Aiming at speeding up testing time a common dual-in-line ceramic
package (DIP) was used, mounted on a breadboard with external passive
elements. On the other hand, high parasitic resistances - in the order of few ohms
- and inductances - in the order of few nanohenries - must be taken into account
when considering efficiency and resulting waveforms. Further analysis can be
performed by using more efficient solutions like a printed circuit board (PCB)
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with surface-mount-device (SMD) packages. Particular attention must be also
paid in the choice of buffer capacitor and inductor, in order to minimize leakage
currents for capacitor and parasitic resistances for both capacitor and inductor.
More precisely, the peak currents associated to the switching activity of the
DC/DC converter flow from buffer capacitor to inductor and from inductor to
external load, thus any resistive element on these two paths has a significant
impact on efficiency of overall system, as already mentioned in section 2.5.

2.6.1  Adaptable limiter architecture

First measures relate to the adaptable limiter architecture which actually
provides the reference design of the three solutions and which can be therefore
used as a term of reference for results of other test chips.

In Fig. 36 an overview of the DC/DC conversion operation is depicted.

Referring to Fig. 13, red line represents the voltage on the buffer capacitor
Cousr. As explained in section 2.2.2 and described in Fig. 12, it has a saw-tooth
shape due to the combined effect of the input current limitation (voltage linearly
increase during the recharge phase till an high-threshold value) and the
consequent extraction of a predefined amount of energy (voltage rapidly
decrease down to a low-threshold voltage).
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Fig. 36 Waveforms of DC/DC conversion for “adaptable limiter architecture” solution. Referring
to block diagram in Fig. 13, respectively: buffer capacitor voltage (red), threshold comparator signal
(purple) and drain voltage of MOS D (green). Vin =2 V; Vour = 2.77 V; Ceugr = 53 uF; L = 100
uH; o =97.775%, ar = 97%. In (a) with 2 ms time division, in (b) with 0.2 ms time division.
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It is important to notice that in order to obtain a picture easier to understand,
an offset equal to supply voltage (Vi) is applied to this signal (Vsurr), so that in
this case it is ranging approximately between 2 V and 1.95 V.

In this test the current limitation was set to 1 mA, while threshold was set to
97% and 97.75%, respectively. The input current was monitored through a HP®
34401A multimeter in series with the power supply, showing an actual limited
current Ity of 1.3 mA, which differs from the desired one due to the inaccurate
value of the 100 nA external reference current used by the internal mirror to
perform limitation. The relevant outcome is the effective limitation that can be
achieved through the designed circuit, which is also confirmed by the linear
charge of the buffer capacitor as depicted in Fig. 13. As a matter of fact, a 53 puF
buffer capacitor is used with an input voltage Vix of 2 V and an inductor of 100
puH. With these data, an actual ramp of Cpuss - (an-0r) Vin/Iuv = 610 ps is expected,
equal to the measured one. All other three limitation values (0.4, 5 and 15 mA)
was tested too with similar results. Purple line represents the threshold
comparator output, which is set high each time the buffer voltage Vsurr exceeds
the high threshold and returns to zero as soon as it drops below the low one. In
this test, considering an input voltage of 2 V, thresholds are 1.955 Vand 1.94 V,
respectively. With reference to equation (xvi), the resulting efficiency of this
block is nominally 97.375%.

Green line is the drain voltage of MOS D. During recharge phase it is
grounded as MOS D is switched on, as well as during the ON phase while the
inductor is charged. Then, during the subsequent OFF stage, starting on the
negative edge of the TH signal, MOS D is switched off and its drain node is
shorted to the output load through MOS B, so its drain voltage follows output
voltage.

A more focused view is shown in Fig. 37 (a). It is worth noting that during
the ON phase (TH signal high) the drain voltage slightly increases due to its
parasitic on-resistance, which creates a drop proportional to the current flowing
in it. Then, during the subsequent OFF phase the drain voltage is forced by the
inductor to be higher than output voltage, just enough to allow the flow of
current from inductor to output. As current decrease, the drain voltage gets
closer and closer to the output voltage till current drops to zero and drain voltage
is equal to output one, this ruling the end of the OFF phase.

Moreover, in Fig. 37 (b) waveform of drain voltage of MOS C is shown.
Similarly to MOS D, during the recharge phase it is grounded as MOS C is
switched on too. Conversely to MOS D, during ON phase MOS C is switched off,
so its drain voltage follows the decreasing buffer capacitance voltage, whilst
during OFF phase it is switched on and it consequently allows a flow of current
from its source (connected to ground) through the inductor towards the output
node. In this latter situation, the drain node if forced to be slightly below ground
value, in order to allow a positive current from source to drain, as reflected in
Fig. 37 (b).
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Fig. 37 Waveforms of switching signals of “adaptable limiter architecture” solution. Referring to
block diagram in Fig. 13, respectively: buffer capacitor voltage (red), threshold comparator signal
(purple). In (a): green line is drain voltage of MOS D, Vin=2 V; Vour =2.77 V; Cpusr=10 uF; L
=100 uH; oy =98%, arL = 97%. In (b): green line is drain voltage of MOS C, Vin =2 V; Vour =
2.77 V; Coup =53 uF; L =100 uH; o = 91.25%, ar = 89%.

Moreover, two different buffer capacitor Cpust were used to obtain results of
Fig. 37 (a) and (b), being respectively 10 pF and 53 pF. As a consequence, peak
currents are different and ON phases have different duration. Considering
equations (xi), (x) and (xii), an estimated duration for the ON phase is respectively
12 ps (when using 55 pF) and 3.2 pus (when using 10 pF), confirmed by measured
values. From the same equations we can therefore estimate the maximum current
inside the inductor, which is respectively 215 mA (when using 55 uF) and 61 mA
(when using 10 pF). The interesting thing is the voltage drop on the buffer
capacitor, reasonably caused by its intrinsic resistance. Combining measured
values with analytic equations, values of 0.3 Q (when using 55 puF) and 1.2 Q
(when using 10 pF) are found for the parasitic resistances of capacitors, which in
both cases leads to a transfer efficiency of about 96%, to be multiplied by
efficiencies of other stages.

Efficiency of the overall DC/DC was measured by means of the ratio
between output power and input power. Input power can be easily calculated
since current is kept constant by the integrated circuit and was measured
through an HP® 34401 A multimeter in series with a constant voltage supply. On
the output node, another constant voltage supply was connected in order to
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emulate the capacitive load, which in a typical application can be for example a
super-capacitor. Differently from input node, in output node the current shape
is not flat but it has an impulsive triangular characteristic, so a low-pass filter
was inserted in order to extract the average current, being R =10 Q and C =10
mF, and its value was then measured with an Agilent® 34401A multimeter. With
an output voltage of 2.77 V, efficiencies found are respectively 57% (when using
55 uF) and 62% (when using 10 pF), which is compatible with simulated results.
The poor efficiency outcome in this case is due to the high parasitic resistances
of the board and to the low input voltage (2 V), which is not sufficient to properly
switch on the integrated n-MOS and p-MOS of DC/DC converters which
therefore maintain a high on-resistance. Moreover, the higher is the buffer
capacitor, than the higher is the maximum current and consequently the lower
is the efficiency, as confirmed by measures. Efficiency results for different values
of input voltage, output voltage and buffer capacitor are presented in Table 6.

2.6.2 Improved efficiency architecture

Further tests were performed on the improved efficiency architecture, with the
insertion of an external clock source in order to implement the described
stepwise energy transfer. In Fig. 38 waveforms of switching signals are shown,
with two different time divisions. Red line is voltage of buffer capacitor, purple
line is threshold comparator signal, green line is the drain voltage of MOS D, and
blue line is the clock signal. It is evident the effect of the stepwise transfer as the
discharge process is now divided into multiple sub-steps controlled by the
external clock source at 125 kHz. General characteristics related to current
limitation and recharge phases are not further analyzed in this section as they
are the same as in the other solution already discussed since they share the same
architecture, while the remarkable thing in this case is the verification of the
stepwise procedure. As expected, a correct synchronization with the clock signal
is accomplished at the beginning of the transfer phase - the first ON phase has a
duration of at least one clock semi-period - and at the end of the transfer phase
- one complete ON-OFF phase is always brought to an end -, as depicted in Fig.
38 (a). In Fig. 38 (b) a closer look on the interaction between clock signal and
switching frequency is presented. The ON phase starts at the end of the previous
OFF phase, and lasts till the subsequent useful clock edge, which is the positive
one in this case.

During the ON phase the drain voltage of MOS D slightly increases due to
the drop caused by the current flowing through the on-resistance of the MOS
itself. Conversely, during the OFF phase the drain node is shorted to the output,
so it follows its value, as already explained in previous solution. The measured
waveforms are indeed compliant with the simulated one reported in Fig. 34. For
what concerns efficiency values, considering an input voltage of 2 V, output
voltage of 2.77 V and buffer capacitor of 10 pF, a value of 71.8% can be observed.
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Fig. 38 Waveforms of switching signals of “improved efficiency architecture” solution. Referring
to block diagram in Fig. 13, respectively: buffer capacitor voltage (ved), threshold comparator signal
(purple), drain voltage of MOS D (green), and clock signal (blue). Vin=2 V; Vour =4 V; Cpuy =
53 uF; L =100 uH; oy = 97.775%, ar = 97%. In (a) with 40 us time division, in (b) with 4 us
time division.

In the same condition, the first solution not implementing stepwise transfer
has only 57% efficiency, this demonstrating that this advanced architecture can
actually improve overall efficiency. Moreover, by increasing the clock frequency
it is possible to control the number of steps of the transfer, with a further
improvement in efficiency as expressed in equation (xxiv). As a matter of fact,
passing from 125 kHz to 140 kHz produces an increase of 1.3% in efficiency from
71.8% to 72.1%. Complete results are shown in Table 6.

2.6.3 Ultra-low power architecture

Finally results related to the ultra-low power architecture are presented.
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Fig. 39 Waveforms of switching signals of “ultra-low power architecture” solution. Referring to
block diagram in Fig. 13, respectively: buffer capacitor voltage (red), drain voltage of MOS D
(gl”c’(,’ll). Vl‘\“ =2 V,' Vou/ =4 V,’ C[W}': 10 /IF,' L=100 /(H,‘ ag = 97.775%, ar = 97%.

In Fig. 39 an overview of the switching signals is presented. The first
analyzed aspect is the quiescent current consumption, which was confirmed to
be about 800 nA in line with simulated results. The test was performed at 1.8 V
supply voltage with a HP® 34401A multimeter, while more exhaustive tests at
higher voltages cannot be performed at the moment due to unexpected current
losses in the I/O pad circuits that have already been identified and that will be
fixed in a future release. Similarly, for what concerns current limitation circuit it
was verified through a HP® 34401 A multimeter in series with voltage supply,
and it is also confirmed by the linear charge of buffer capacitor reported in Fig.
39. Moreover, values of sense resistors are compatible with analytic formulation
(xix). Nevertheless, an unexpected dependence of the limitation threshold on the
supply voltage can be observed, which is not directly attributable to the issue on
I/0O pad circuit and which must be further investigated.

For what concerns efficiency, measured results are in line with simulations
and other two solution, in the range of 70%-72%, and a complete list is presented
in Table 6.

2.6.4  Comparison and future work

A recap of performed tests is shown in Table 6, considering L = 100 pH; «H
=97.775%, aL = 97%.

From a general point of view, all three solutions have been tested and correct
functionality was verified. Current limitation architecture has been proved to be
a feasible approach in order to design advanced DC/DC converters which
guarantee higher durability of supply batteries. Main open points regard
measured efficiencies which are far away from expected ones, although specific
simulations accomplished with more realistic values of parasitic resistances with
respect to actual testing board implementation are compliant with obtained
outcome. Moreover, by comparing the multi-step solution with the reference
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one, the improvement in efficiency was verified too. Finally, quiescent current
analysis and functional verification was performed for the ultra-low power
solution, showing a consumption of less than 1 pA.

Nevertheless further tests are necessary in order to fully characterize the
integrated design especially in terms of measured efficiency, by developing a
dedicated PCB board for minimizing parasitic resistances of interconnection and
passive elements, with particular attention to the buffer capacitor and to the
inductor, which have to sustain the higher flow of current.

Moreover, more precise measurements have to be implemented on the actual
dynamic profile of the current drawn by the battery, in order to effectively
characterize the timing response of the limiting circuits, and to evaluate the
spurious peaks which may be present during fast commutations between on and
off stages of the DC/DC converter. On the other hand, the actual limitation
capability outside the few nanoseconds window of fast commutations has been
inferred by the linear charge of the buffer capacitance presented in previous
sections. It is worth noting that since spurious peaks are in the order of few
nanoseconds with slew rates of 20-30 mA/ns, then proper measurement
techniques and instrumentation have to be carefully investigated in order to
match such constraints.

Finally, considering Table 6, greyed-out results was obtained in similar
conditions with similar values of external passive elements, and therefore they
can be used to compare the three proposed solutions in terms of achievable
efficiency.
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Table 6 Recap of performed measures of three proposed solutions of an advanced DC/DC
converter for improved battery durability

Vin Iv Vour Tour Efficiency | Loss specific origin
V) | ma) | V) (mA) (%)
adaptable limiter architecture
Cpusf = 10 pF
5 1.373 4 1.190 69.3
5 1 373 4.5 1 060 695 Power dissipation on
5 1.373 4.7 1.013 69.3 unoptimized breadboard
5 1.373 5 0.937 68.2
High switch ist:
2 | 1300 | 2770 0585 623 | Lishswiches seisonce
Couti = 55 pF
1.300 2770 0.540 57.5 High switches resistance
- - - - due to low supply voltage
nd high inductor current
0.600 | 2.770 0320 492 | endhiEn meucorcune
improved efficiency architecture
Cputt = 55 pF
1.07 | 2770 | 0.555@125kHz 71.8 | im0 switches resistance
ue to low supply voltage
d high induct: t
107 | 2770 | 0565@140KkHz | 731 | “MEhnducorcomen
ultra-low power architecture
Chut = 10 uF
5 0.405 5 0.265 65.4 Pow.er .dissipation on
1 0650 4 0460 70.7 unoptimized breadboard
2 0.217 217 0.140 70.0 High switches resistance

due to low supply voltage
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Chapter 3

Robustness and durability aspects in the design
of energy autonomous nodes

An Increasing interest in distributed sensor networks [55] and IoT
applications has driven research into the scope of energy harvesting mechanisms
towards a more precise field of application. The combination of smart nodes, able
to interact with standard wireless communication infrastructures, and energy
scavenging modules, which allow nodes to work in a standalone scenario, has
proved crucial for the development of both technologies [56].

Since autonomous nodes are expected to operate in very dissimilar
surroundings with different energy sources and power densities, the importance
of finding efficient ways to exploit available energy is evident, as in many cases
the power available from the environment is in the order of microwatts [57] or
less.

In terms of robustness and durability two remarkable aspects can be noted

e The absence of the battery source in favor of locally scavenged energy,
or even the joint combination of both, can by itself dramatically increase
the device lifetime, as battery end-of-life is a common issue for this kind
of devices and in many cases it can represent the bottleneck for the
reliability for entire system [16].

¢ Increasing the maximum operative range can guarantee a better mean
time between failures in nominal condition so simultaneously
improving system robustness too [58].

e Studying solutions with modular communication interfaces or
configurable digital control may be an alternative way to improve device
usability and extend operative ranges in different environmental
framework.

3.1 State-of-the-art solutions

In this context, radio-frequency power harvesting [59, 60] represents both a
fascinating solution, due to the opportunity of selectively providing energy
through dedicated RF energy showers augmented by smart power beaming
techniques [61, 62], and a tough challenge because of the limitations imposed by
regulations causing very low voltage and power levels as the distance from the
source increases. A comprehensive perspective on RF harvesting techniques
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specifically devoted to wireless sensor nodes can be found in [57]. In this field of
application most solutions concentrate the greatest effort in optimization of the
harvesting module [62, 63], while other studies are proposed to define advanced
algorithms to find most efficient transmission rates in complex scenarios [64, 65].

Concerning integrated RF-to-DC converters, an interesting solution is
presented in [66] with a 65% efficiency at =20 dBm in UHF band and output
voltage up to 1.6 V. Another notable solution is presented in [63], where 1.0 V
output is obtained at 27 m distance. The nano-power design of an integrated 1
PW - to 5 mW power management circuit is shown in [67]. The DC/DC
converter proposed achieves a peak conversion efficiency of 77% and a
minimum start-up voltage of 223 mV. The trend for quiescent power
consumption of commercial and academic PMIC implementation is shown in
[68].

Furthermore, regardless the adopted energy source, new perspectives are
gaining interest, introducing the concept of adaptive behavior of the node
accordingly to the available power, for example by dynamically modulating the
transmission data-rate in order to best fit the actual power budget. If the node
becomes capable of reducing autonomously its power consumption or entering
specific idle or sleep states, operation is guaranteed over a wider range of
operating conditions, resulting in increased robustness. For example, in [61] a
simple adaptive solution is adopted, with solely two possible transmission data-
rates and a solar cell as harvesting source. Advanced adaptive solutions are
studied in [69], for a general-purpose sensor node in a multi-antenna power
transfer scenario. These solutions lie on the development of complex recursive
algorithms based on the knowledge of the evolution of stored energy in time,
which implies the use of additional power-consuming electronics incompatible
with micro-power scenarios. In fact, experimental results demonstrate just a 5-m
operative range. A similar approach is used in [65], with an accurate analysis of
harvest-and-use and harvest-store-use schemes. Again, the resulting
optimization algorithm requires the development of dedicated energy meters
interacting with the node MCU to estimate the correct transmission rate. Both
solutions are based on an adaptive estimation of best data-rate accomplished by
the MCU on the basis of complex monitoring of available energy. Although
standard communication protocols - e.g. DASH7 - may perform a
communication range up to 5 km, they are also widely used for indoor
applications and, in combination with RF harvesting, they can provide an
optimum solution for enclosed sensors like smart meters placed inside walls or
generic structures.

A complete solution with harvesting module and sensing node is proposed
in [70], showing an operative range of 5 m with —8 dBm input power. The block
diagram of this solution is presented in Fig. 40, and it is useful to understand
some general aspects related to robustness and durability issues in the design of
autonomous RF harvesting nodes.
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Fig. 40 Block diagram of a state-of-the-art solution of an IoT node with RF harvesting techniques
(Y. Syed, B. G. Hegde, T. V. Prabhakar, M. Manjunath and K. ]. Vinoy, "RF energy harvesting
chip powered sensor node")

Most relevant design aspects are:

e Voltage levels involved in RF harvesting are relatively low, in the order of
200-500 mV [57], so we need aggressive step-up and DC/DC converters in
order to rise these levels to acceptable one by the main circuitry of the node.

e Storage elements are required for different reasons. Since harvesting sources
are intrinsically discontinuous and energy requested from sensing and
communication modules is typically far higher than energy provided by the
harvesting module and it also has usually an impulsive shape, then it is
necessary to gather energy for a certain period of time before activating the
node. Moreover, the dimensioning of such storage element, i.e. typically a
capacitor, is not trivial: Big capacitors provides a more stable voltage source,
but on the other hand they requires larger areas and extended recharge
times; small capacitors are faster but require higher voltage levels in order to
store the necessary energy.

e Since supply voltage is provided by a storage element, i.e. a capacitor, then
its value is variable in time, especially during activation period when battery
is discharged due to the power demand from the node. Hence, voltage
regulators may be necessary to provide a suitable value to the electronics of
the node.

e Specific modules must be designed to detect the amount of stored energy in
the capacitor and to switch-on the sensing module only when energy is
enough to perform a complete cycle of sensing and data transmission.

Extending these concepts to other harvesting sources, similar constraints can
be considered for example for indoor photovoltaic panels [71, 72, 73] or
thermoelectric generators (TEG) [74, 75]. In both cases, and similarly to the RF
sources, output voltages involved are in the range of few hundreds of millivolts,
with an available power ranging from tens of microwatts for TEGs to hundreds
of microwatts for photovoltaic panel. As a consequence, innovative power
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management solutions presented in this chapter, which particularly refer to an
RF harvesting node, can nevertheless be effectively applied to other harvesting
scenarios always in the field of low-power applications.

Generally speaking, a wide range of different applications related to energy
harvesting techniques can be considered, which are gaining increasing interest.
For example in the development of IoT nodes with embedded wake-up-radio
management and localization capabilities [76], the challenge is to design efficient
power converters in order to maximize the operative range of the node and
implement advanced strategies to perform addressing operation in an ultra-low
power scenario. Another widespread approach is to fully integrate the IoT node
embedding for example sensing and localization capabilities [77], in order to
reduce quiescent currents associated to discrete solutions. This approach implies
the development of smart power management to efficiently distribute supply to
different blocks of the system (sensing, elaboration, communication, etc.) and
potentially switching on blocks in a selective way. Moreover, great focus is
shifting to the development of smart nodes with IoT standard compatible
communication interfaces [78] [79]. The possibility to easily insert a node in a
pre-existing infrastructure, which is also potentially already connected to an
Internet gateway, is certainly a significant added value. In this case, from a
power management point of view, the development of adaptive algorithms able
to dynamically change the behavior of the node (e.g. its data-rate) accordingly to
the actual environmental conditions (e.g. the available power), is a promising
approach to extend lifetime and durability of the node.

In any case, the development of dedicated power management units and
advanced digital control modules is essential to achieve adequate efficiency rates
which guarantee the desired operative ranges and lifetime.

3.2 Studied solution: adaptive approach to energy
harvesting

As a matter of fact, the most prohibitive obstacle to the diffusion of energy
harvesting nodes is the lack of dedicated power converters able to operate with
extremely low levels of input power and voltage. However, simply developing
more effective power converters or designing more efficient energy transducers
is not in general sufficient: power management must go hand in hand not only
with obvious requirements in terms of ultra-low power, but also with the
development of specific policies for adjusting the behavior of the node according
to the availability of energy. Active interaction between the power module and
smart node is a promising approach to achieving this target and to developing
integrated applications.

Thus, a holistic approach can best tackle this type of issue. On the one hand,
circuit design aims at minimizing the power consumption of electronic devices
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and, on the other hand, optimized behavioral policies for active node modules
need investigating with a view to exploiting the available energy at its best.

32.1 loT standard communication node with feedback power management

The proposed approach consists in enhancing power management of
conventional IoT nodes. The aim in this case is to tackle the power conversion
problem by using innovative DC/DC converter integrated circuits and by
developing advanced management techniques at different levels in order to
extend operative ranges of device with consequent benefits for robustness and
durability.

As a case study of the previously mentioned technique, a demonstrator
system was designed with an ultra-low power approach, with the introduction
of

e A custom energy transducer, namely a rectifying antenna - developed by a
parallel design team [57]-.

¢ Anexisting nano-power DC/DC converter designed to operate down to 250
mV and 1 pW [67].

¢ A multi-sensor node with a low-power profile and adopting a standard
wireless communication protocol for IoT - developed ad-hoc for this
solution in collaboration with another design team -.

e The introduction of novel interface circuits between the power management
sub-system and the node, which provide real-time feedback on the actual
level of available power.

Power management aims at optimizing the extraction and the use of energy
at different levels. At hardware level, the power converters performs MPPT and
adapts its behavior to the effective level of available power. Additionally, a series
of new dedicated circuits extracts information on the level of available power
and provides it on a series of digital signals. At software level, the node can use
the information provided by the power management sub-system in order to
dynamically adapt its behavior, e.g. selecting the transmission data-rate, or
selecting the most appropriate sleep or stand-by mode, etc.

The aim of this project is to efficiently combine these different elements by
adding a power management section able to fruitfully exploit RF energy
harvesting.

As mentioned above, in order to implement the necessary interactions
between the power management subsection and the active sensor node, specific
circuitry has been designed, for dynamically changing the behavior of the system
according to different scenarios of available environmental energy. The peculiar
achievement obtained through such active interaction is the possibility to
modulate the transmission data-rate as a consequence of variations in the power
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harvested, so that a higher amount of power causes an automatic increase in the
data-rate and vice-versa, in such a way that the highest feasible data-rate is
always obtained. Such an outcome may have a considerable rebound on those
applications where high transmission rates are not strictly indispensable but can
help in building a more extensive information database and therefore a more
precise behavioral model for the monitored system.
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Fig. 41 Block diagram of the architecture of the proposed IoT node with feedback power
management

In Fig. 41 the architecture of the case study is presented: two sub-systems are
present, respectively an energy harvesting module and a sensing node. The
interaction presented is obtained through specific control signals exchanged
between the power module and the microcontroller, designed to provide
information about the current state of the harvesting module, e.g., the voltage
level and the amount of power and energy extracted. Based on this, the
microcontroller can adapt its behavior in order to optimize the transmission rate.

In this specific case, two different operating frequencies are used for
harvesting and communication channels (868 MHz and 433 MHz respectively).
On the other hand, using two different antennas for harvesting and
communication allows optimization of the harvesting antenna to best fit the
DC/DC specifications, at the expense of a reasonable increase in area. Using a
single antenna would be more complicated and would result in worse harvesting
performance, mainly because of the losses introduced by the multiplexing
circuitry. We remark that our solution is still general purpose, and then the
adopted solution also allows to seamlessly replace the RF energy transducer with
alternatives such as photovoltaic cells, thermoelectric generators, etc.

The introduction of smart voltage supervisors allows the harvesting module
to adaptively configure the data transmission period of the node, and to
accordingly change the sleep policy.
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3.2.2 DC/DC conversion

The DC/DC converter used in the system features an ultra-low power buck-
boost converter designed in a 0.32 pm CMOS microelectronic technology and
previously developed within the research team [67].

The overall architecture can be divided into two main blocks:
e A start-up circuit, which allows for IC bootstrap with RF input
sources typically providing low voltages.
e The main DC/DC converter which also provides a fractional open-
circuit voltage (FOCV) MPPT algorithm in order to adapt to the best
power transfer condition.

The IC dynamically decides whether to route power to the load or to a small
self-supply capacitor Ceom: this achieves very fast activation times even in the
presence of large buffer capacitors at the load output port. When Ceno is
sufficiently charged, all power is routed to the load. Should Ceu» get excessively
discharged, all power is routed here to replenish it before the integrated circuits
fails. A block diagram of the circuit module is reported in Fig. 42.
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Fig. 42 Block diagram of the architecture of the DC/DC converter used in the power management
module of proposed IoT node

The start-up module consists of a 16-stage charge pump implemented with
low-threshold MOSFETs and driven by an internal oscillator. A minimum
voltage of approximately 250 mV from V,.: is required to keep it operating.
During the start-up phase, when the input voltage (i.e., the rectifying antenna
output voltage) approaches 250 mV, the charge pump circuit starts working, and
the output voltage on the self-supply capacitor Ceno is boosted. However,
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internal devices are not fully switched on until the output voltage gets to 600
mV, so that the output charging rate is initially limited by the sub-threshold state
of the system.

As soon as the generated voltage reaches 0.6 V the start-up circuit becomes
fully operational and the charge pump improves its charging rate until the
output exceeds 1.36 V, which is the minimum operating voltage of the main
DC/DC converter. At this point the charge pump is disabled and power
conversion occurs through the buck-boost DC/DC converter. Although the
overall efficiency of the start-up stage settles between 5% and 15%, its sole
purpose is to initially bootstrap the main DC/DC converter, so that its impact on
operative efficiency can be considered negligible.

Once the 1.36 V threshold is reached, an in-rush current of about 11 pA is
absorbed from the energy source by the module for a short time to complete
bootstrapping the converter functionalities.

After this, the module can be sustained with an input power of just 935 nW
showing a quiescent current of 121 nA.

The different functional modes are summarized with the corresponding
supply voltages in Table 7. It is worth recalling that these values refer to the
voltage on the self-supply capacitor V. Another aspect worth consideration is
the high output resistance of the rectifying antenna, which causes significant
voltage drops on its output node as the current increases.

Table 7 Operative modes and related voltage ranges of the proposed DC/DC converter

Vit [0V-0.250V 0.250V-1.6V
Veonv 0V-0.600V |0.600V-1.36V >1.36V
DC/DC converter fully
Charge Charge pump functional

Switched| pump

L]
mode off (limited (fu.lly 121nA qu‘le‘scent cgrrent
. functional) e 935nW minimum input
efficiency)
power

11 pA in-rush current from
source needed to bootstrap
converter

In order to extract the maximum power from the source, the converter
adopts a FOCV MPPT technique (see section 1.5).

The input source is kept at 50% of the open-circuit voltage of the rectifying
antenna, which actually represents the maximum power transfer condition for
the system. The open-circuit voltage is sampled for 2 pis every 8 conversion cycles
of the DC/DC converter. The buck-boost DC/DC converter operates in
discontinuous current conduction mode (see section 1.5), and it is switched when
the source voltage crosses the reference MPPT voltage. The overall efficiency is
highly affected by source impedance and open-circuit voltage.
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Thereafter, a full analysis was performed with the aim of obtaining an
exhaustive characterization of the DC/DC converter in the specific running
conditions of the system proposed. An equivalent model of the rectifying
antenna was extracted from the static voltage-current characteristics and used
for characterization. This consists in a DC voltage source (Voc) with a 22 kQ
series resistance. The output voltage Vi of the DC/DC is set at 2.3 V, which is
the chosen maximum operating voltage of the sensing node. During operation,
the variations on Vs will be limited to a few hundred mV as the worst case. A
10 MQ load was connected to V. Results show that when the open-circuit
voltage of the rectifying antenna Voc ranges from 0.32 V to 1.4 V, the related
efficiency grows from 35% to 73%, with a plateau reached early on at 0.8 V. The
whole characterization is reported in Fig. 43, including a polynomial
interpolation, and will be used to predict the available power in operating
conditions different from the characterized data points.
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Fig. 43 Efficiency characterization of proposed DC/DC converter
3.2.3  The active node

The sensing and communication node, whose internal architecture is shown
in Fig. 44, includes a temperature and relative humidity sensor, a low-power
microcontroller and a sub-GHz radio device for data communication.
STMicroelectronics HTS221 is an ultra-compact sensor based on a planar
capacitance technology that integrates humidity and temperature sensing with a
mixed signal ASIC to provide data measured through standard digital serial
interfaces. The ultra-low power STMicroelectronics STM32L1 microcontroller,
based on the ARM Cortex-M3 core, interfaces with the sensor for data acquisition
and manages communication with the STMicroelectronics SPIRIT1 module, a
low-power sub-GHz RF transceiver.
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Wireless communication is based on DASH?7 [80], an open source Wireless
Sensor and Actuator Network (WSAN) protocol; the microcontroller implements
OpenTag, a DASHY protocol stack and a minimal Real-Time Operating System
(RTOS) designed to be light and compact and targeted to run on resource-
constrained microcontrollers.

The DASH7 network architecture has a star structure where all the nodes,
which are typically low-power devices able to transmit and receive data,
communicate only with a gateway that is never offline and connects the DASH7
network to other networks and to the web.

DASH?7 supports two communication models: pull and push [81]. The pull
model consists of a request-response mechanism initiated by the gateway; it uses
an advertising protocol for rapid ad-hoc node synchronization before sending an
addressed request to a node and waiting for the response [81]. The data transfer
to the gateway initiated by the nodes is based on the push model (e.g.,
beaconing); this approach is implemented as an automated message or beacon
that is sent at specific time intervals.

In the proposed solution, the beaconing approach is used to send the
temperature and humidity data from the sensor node to the gateway; this
method is the least power hungry and the node can send the message as soon as
the harvesting module provides enough power to power-up the node or wake
up it from a deep sleep state.

The node can be supplied with a voltage ranging from 1.8 V to 3.6 V, and it
is programmed to perform two different stop policies: off-mode and standby-
mode. The policy is selected by the harvesting module, as will be explained in
the following section.
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Fig. 46 Power consumption of proposed solution when operating in STANDBY-Mode

As it can be seen in Fig. 45 and Fig. 46, the two modes behave in the same
way at power on, when, after the start-up phase, the node acquires data from the
sensor and transmits them to the gateway. Afterwards, if off-mode is selected,
the node generates a signal for the harvesting module to inform it that the power
supply can be switched-off. When the power supply is once more provided, the
node will perform a new start-up phase, data acquisition and message
transmission.

This phase is associated with a significant energy overhead. Fig. 45 shows a
schematic of the current consumption of the node and its behavior in off-mode
indicating the average current in each of the three phases (start-up, data
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acquisition and transmission); the overall activation phase lasts 680 ms and the
average current consumption over this time is 4.7 mA at 1.9 V.

On the contrary, if the standby-mode is selected, after the first start-up phase
and message transmission, the node informs the harvesting module that
transmission is completed and that it is entering a deep sleep state in which its
current consumption is 3 pA. The node then waits for an external interrupt,
generated by the harvesting module, to wake up and perform a new data
acquisition and message transmission. In standby-mode, therefore, the power
supply is never switched-off, and the overhead consists in constant power
consumption. The schematic of the node’s current consumption and its behavior
in standby-mode is shown in Fig. 46. In this configuration, with the exception of
the first power-on in which the current consumption is the same as each
activation in off-mode, the start-up phase does not have to be repeated for each
activation phase because the power supply is never switched-off.

As can be seen in Fig. 46, in standby-mode each activation phase following
the first one lasts 38 ms, and the average current consumption during this time
is 3.81 mA at 1.9 V. In standby-mode, the charge consumption for each data
acquisition and message transmission is much less than in off-mode, but a
current of 3 pA has to be guaranteed to keep the node alive in the deep sleep
state.

The selection between off-mode and standby-mode has a significant impact
on the power budget. The off-mode is associated with a constant energy
overhead, consisting in the energy consumed for starting the system. By contrast,
the standby-mode is associated with a constant power overhead. Hence, which
of the two modes costs less will depend on the frequency of activation. For
frequent activation, the stand-by mode consumes less energy. Furthermore, the
frequency of activations strictly depends on the harvested power.

Finally, Fig. 47 shows the realized PCB prototype of the sensor node
connected to the harvesting module.

Fig. 47 PCB prototype of proposed IoT node with adaptive power management
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3.2.4  Circuits for detecting the actual input power level

In this section, the proposed adaptive feature is described in detail, as well
as the architectural choices and dimensioning of control circuits shown in Fig.
48. The interface between the harvesting module and the active node is
implemented through four control signals connected to the microcontroller
(Policy, Reset_VDD, Start and Reset_Start), besides the ground and positive
supply (VDD).

The Policy signal selects one of the two stop policies of the active node (off-
mode and standby-mode).
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Fig. 48 Adaptive power management architecture of proposed IoT node

The first factor to be analyzed is the buffer capacitance Cyu5, which plays the
role of energy storage needed by the system to offset the total power request of
the node during its active phase. Such requests are summarized in Table 8, which
integrates the current absorbed by the node when switching into active mode
from each of the other two modes.

Table 8 Power requests by proposed node in both OFF-Mode and STANDBY_Mode

Mode Charge (nC) | Operating Voltage (V)
OFF 3196 2.3-1.9
STANDBY 145 ~2

To have a voltage drop of about 0.4 V, the resulting Cpur must be at least

Charge(OFF) 3196 uC 5
(xxv) Cousr = AV = oAV = 7990 uF = 8 mF
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where the voltage drop was chosen as a trade-off between system power
consumption and wake-up time. In this instance, a lower bound of 1.9 V was
chosen by considering a 100 mV margin to the minimum 1.8 V supply voltage
required by the node to operate, while the upper bound was chosen by
considering that a lower voltage implies lower power consumption, though at
the same time it requires a larger buffer capacitance which causes a longer start-
up time when the system has to be booted for the first time. Hence a maximum
operating voltage of 2.3 V was chosen and, as a result, an 8 mF Cp,y must be
considered.

Three control circuits are necessary to generate the correct control signals for
the micro-controller (Fig. 48).

e  The first one is the Control circuit for OFF mode.

This block has the task of monitoring the voltage across Cpuy capacitance
voltage and consequently to provide power supply to the sensing node only
when voltage is in the acceptable range (1.9 V-2.3 V). In this way, the sensing
module is only switched on when Vpp exceeds 2.3 V, i.e.,, when the buffer
capacitance has sufficient energy to sustain at least one complete data
transmission. Likewise, power supply is taken off as soon as Vpp drops
below 1.9V, as the sensing module cannot work at lower voltages.

During off-mode, a reset signal (Reset_VDD) must be issued by the
microcontroller at the end of each transmission stage, so that power supply
is simultaneously turned off. This behavior ensures that the next
transmission will only be held when the buffer capacitance is fully
recharged, i.e., when it reaches 2.3 V again. A NCP303 low-power voltage
supervisor was used to implement the block, along with two AS11P2 analog
switches and two resistors in order to obtain the desired hysteresis,
respectively 2.4 MQ and 500 kQ. The total quiescent current of the block is
500 nA, mostly due to the NCP303 supervisor.

e The second one is the Control circuit for STANDBY mode.

This block has the task of monitoring the capacitance voltage and
consequently providing the start signal only when voltage is above 2.0 V.
During standby-mode, the sensing node is always powered, and subsequent
transmissions are regulated by the start signal, so that it must only be issued
when the buffer capacitance is storing enough energy to sustain
transmission. Actually, the expected voltage drop due to a single
transmission in standby-node is a mere 18 mV as explained in following
equation

Charge(STANDBY) 145 uC

AV(STANDBY) = =
¢ ) Cousy 7990 uF (xxoi)
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so a threshold voltage of 1.9 V + AV = 1.918 V could be enough to sustain
standby-mode, but a safer margin of 2.0 V - 1.9 V = 100 mV was chosen for
this condition.

A reset signal (Reset_Start) from the microcontroller is also requested at the
end of each transmission in order to force the start signal to a low level, even
if the related capacitance voltage drop has not been sufficient to trigger the
voltage supervisor. This happens because the microcontroller is sensitive to
a positive start signal edge, so that a low-to-high transaction is always
required to awaken the sensing node. An NCP303 low-power voltage
supervisor was used to implement the block, along with one AS11P2 analog
switch and a pull-up resistor of 2.4 MQ. The total quiescent current of the
block is 400 nA, mostly due to the NCP303 supervisor.

¢ The third one is the Control circuit for policy detection.
This block has the task of correctly identifying the available power and
consequently evaluate if it is either above or below a predefined threshold,
and communicating this to the microcontroller through the policy signal. As
a matter of fact, it exists a precise value of extracted power below which it is
more efficient to completely switch-off the micro between wake-ups, and
above which it is more efficient to use a stand-by state.
Since the correct relationship between the power received by the rectifying
antenna and the power extracted by the DC/DC has been fully investigated,
the least power-consuming solution to evaluate available power is to simply
monitor the average voltage at the rectifying antenna output. This value is
solely related to the extracted current through the efficiencies of the
interposed stages, and it can be fairly used to estimate the usable power.
The interesting point is then to compute the exact threshold value to use for
discerning between the two sleep modes.

The ability to dynamically select whether to operate in off-mode or standby-
mode is a crucial aspect of the solution presented, as it enables the system to fully
exploit the available environmental energy under any circumstance without
human intervention. In both cases the minimum transmission period is obtained,
as the microcontroller is either supplied (off-mode) or awoken (standby-mode)
as soon as the buffer capacitance has recovered the energy lost, but depending
on the variable amount of extracted energy, one solution can be less
advantageous than the other, if not altogether unfeasible. Transmission Period
(TP) is defined as the time interval between two consecutive transmissions and
can be calculated as:

Q
(.\'.\'I'ii) TP needed

B (Iextracted - Iqharv - anode)
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where Quedes is the charge lost during each transmission, leiractes is the current
provided by the DC/DC converter, Igur is the quiescent current of the
harvesting module that is directly supplied by Vuarv while Ig,q. is the quiescent
current of the rest of the system supplied by Vpp. These values differ between
the two operative modes, and are summarized in Table 9.

Table 9 Recap of required charge and quiescent currents of proposed node in OFF-Mode and

STANDBY-Mode

Qneeded IqharV(uA) . . . anOde(uA) .
(uC) Control circuit | Control circuit antrol c1ra.ut Sensor node
OFF-mode | STANDBY-mode | Policy detection
05 switched-off switched-off switched-off
OFF 3196 ) switched-off
0.5
05 04 | 0.6 | 3
STANDBY| 145 4
4.5

The most significant difference is that in off-mode the charge needed is
significantly higher than in standby-mode, but the total quiescent current is only
500 nA, since all the other modules are switched off during recharge periods. As
a consequence, in off-mode nearly all the current from the power converter can
be used to recharge the buffer capacitance.
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Fig. 49 Detailed graph of transmission data rates versus extracted currents of proposed node in
OFF-Mode (blue) and STANDBY-Mode (red)

Thus, this last mode proves more suitable when the extracted current is
relatively low, whereas the standby-mode becomes more cost effective at higher
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extracted currents, when its lower value of activation charge becomes
predominant. A detailed graph of transmission data rates versus extracted
currents is shown in Fig. 49, analytically obtained through equation (xxvii).

The available current is defined as the effective current that can be used by
the active part of the system or, in other words, the whole extracted current
subtracted by Igu, which is always drawn from the DC/DC converter (Luaiable =
Lextracted = 1qnaro). As shown in the graphs, as the available current rises above 4.190
PA, standby-mode becomes the best choice in terms of minimum data rates, and
the related threshold value is about 13 min.

With this assumption, the Control circuit for policy detection has the task
of correctly identifying whether the current available is either above or below the
threshold value of 4.190 pA by monitoring the average voltage available at the
rectifying antenna output, and experimental results show that a value 2585 mV
for Vrecr is required to obtain such value.

Since the low-power voltage supervisor NCP303 has a threshold value of 2
V, a dedicated low-power voltage amplifier with a 2 V/0.585 V = 3.42 gain was
added, composed of an LPV521 op-amp and two resistors of 20 MQ and 4 MQ.
Moreover, a simple RC filter was inserted with T =100 ms, in order to reject the
periodic fluctuations caused by the FOCV algorithm of the DC/DC converter,
which actually disconnect the rectifying antenna for about 4 pis every 8 extraction
cycles. The overall quiescent current of the block is 600 nA, as already reported
in Table 9.

3.25  Results
Operative ranges

The available energy is mainly affected by two factors: the transmission
power and the distance between transmission and receiving antennas. For the
former, two different transmitter powers were selected to be compliant with the
RFID standard [82], respectively 0.5 W ERP and 2.0 W ERP.

A specific graph reporting the available power versus node distance is
presented in Fig. 50. The available power is the total power extracted from the
DC/DC converter. It also accounts for losses on the capacitor and on
instrumentation.

68



3.000
P source = 0.5 Watt ERP

P source = 2.0 Watt ERP

:

==Min power to boost/maintain DC/DC

:

1.500
1373

1.000

Available Power for Node (pW)

0.500

84 '
0.000
16.8

3.0 80 13.0 18.0 230 280
Distance (m)

Fig. 50 Available power versus node distance with 0.5 W ERP transmitted (blue) and 2.0 W ERP
transmitted (pink) — analytical model

The graph shows two different curves for 0.5 W ERP and 2.0 W ERP, which
intersect at threshold values. The value of 1.373 pW is the threshold value at
which the system presented can be considered self-sustained, as it can
successfully supply the minimum actual load of the system, which is the control
circuit for off-mode described in Fig. 48.

The far from inconsiderable result obtained is that with a transmitted power
of just 0.5 W ERP the system presented can start at 8.4 m, while with 2.0 W ERP
the distance can rise up to 16.8 m.

Minimum distance of 8.4 m with 0.5 W ERP transmitted power was verified
through a dedicated experiment.

When the system starts from a completely discharged situation, an initial
startup time is required to charge the 8-mF buffer capacitance whose value
depends on the harvested current. Once booted, the node is automatically
configured to operate in the best operating mode, providing the shortest
transmission period. A detailed graph of startup and transmission times is
reported in Fig. 51.
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Analytic results show that the minimum transmission period is about 21 s,
corresponding to an extracted power of 26.5 pW obtained with an antenna open
circuit voltage of 1.650 V. Similarly, the operating mode is switched from off-
mode to standby-mode according to Figure 13 when the extracted power is
11.011 pW (open circuit voltage 1.170 V), with a period of 12'43".

Data rates

Fig. 52 shows the relationship between node distance, power extracted from
DC/DC and obtainable transmission periods. Starting from distance (bottom
horizontal axis), the blue-dotted line represents extracted power when the source
is 0.5 W ERP, while the pink-dotted line is extracted power when the source is
2.0 W ERP. Once the available power is known, the obtainable period can be
found on the dotted green line, whose values are reported along the top
horizontal axis. Moreover, three operative regions of extracted power are
identifiable: a turn off region where the node cannot be switched on, an off-mode
operating region and a standby-mode one. Finally, on distance axis two values
are underlined for both 0.5 W ERP and 2.0 W ERP transmitted. The first one
matches the intersection between the switched-off region and the off-mode
region, which also represents the maximum operative distance. The second one
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matches the intersection between off-mode and stanby-mode, and it represents
the distance at which it is convenient to switch between the two modes.
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Fig. 52 Relationship between distance, power extracted and obtainable data rates) — analytical
model

Table 10 summarizes the threshold values shown in Fig. 52.

Table 10 Recap of the maximum operative distances related to available input power / voltage and
associated with best obtainable data rate

Antenna | Extracted |Transmission Distance (m)

Vo (V) |Power (p1W) Period 0.5W 20w

ERP ERP

Switch-on 0.490 1.373 — 00 8.4 16.8
Policy threshold 1.170 11.011 0:12:43 4.6 9.1
Min. trans period | 1.650 26.531 0:00:21 3.5 7.0

Communication

The effective operation of the DASH7 node was tested, in terms of power
consumption, transmission capability and adaptive data rate. Fig. 53 (a) shows
waveforms of signals related to off-mode operation. Supply Vpp decreases as
expected from 2.3 V to 1.9 V over a time interval of about 680 ms, which
correspond to a single transmission. With reference to Fig. 45, this time accounts
for the microcontroller start-up phase, the data acquisition and finally data
transmission. The reset signal (Reset_VDD) is activated at the end of each
transmission. Similarly, in Fig. 53 (b) the control signals for standby-mode are
shown. Voltage drop is about 20 mV as expected, while in this mode the
Reset_Start signal is activated instead of Reset_VDD at the end of transmission.
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Fig. 53 Tested waveform of respectively: storage voltage (orange), enable/start signal (green), reset
signal (purple) and received data trigger (pink) during normal operation, for OFF-Mode (a) and
STANDBY-Mode (b)

Transmitted data are then received by a dedicated gateway, which displays
data directly onto a PC terminal. Fig. 54 shows the received data bytes with
different sensor values.
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Fig. 54 Screenshot of data acquisition graphical interface with received data
Adaptive power management

Finally, power optimization circuits for policy selection were tested. In Fig.
55 control signals behavior can be observed with respect to DC/DC output
voltage Vuary. Considering signals reported in Fig. 48, Vhary is initially below
the activation threshold of 2.3 V, so all other signals are disabled. As soon as
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Vharv exceeds 2.3 V, the node can be enabled so Vpp (= Vuarv) is provided, and
other supervisors are supplied through Vpp too. Start signal is high, as Vuarv is
above 2.0 V, while policy is also high as Voc is kept above 1.170 V in this stage
(see Table 10). As RF source is switched off, the buffer voltage Vuarv begins to
decrease, and policy is immediately forced low. Then start signal goes low when
VHary falls below 2.0 V as expected, while supply voltage Vpp is disconnected
when Viyary goes below 1.9 V.
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Fig. 55 Tested waveform of respectively: DC/DC output voltage on storage element (yellow), node
voltage supply (blue), policy control signal (purple), start control signal (green) during normal
operation in the case when RF source initially provides sufficient energy to operate in STANDBY-
Mode and then is switched off. Policy is then correctly adapted through control signal

The proposed solution is also described in detail in [83].

3.3 Discussion

Main purpose of this work regards the study and development of the power
management unit, with the introduction of the feedback architecture and the
deployment of an advanced prototype of DC/DC converter. Deep analysis of
power consumption profiles of the node was accomplished in order to find the
best solution for sleep policy. The choice and dimensioning of discrete
components was carefully implemented too, altogether in order to minimize the
dissipation of such elements. As a matter of fact primary aim was to reduce
power consumption of the node as much as possible to obtain the higher possible
operative distance along with the higher possible transmission rate for any
distance.
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Chapter 4

Robustness and durability aspects in maximum
power point tracking algorithms

In many low-power energy harvesting transducers such as rectennas,
photovoltaic cells (PV) or thermoelectric generators (TEG), with power available
in the order of up to hundreds of microwatts, load matching is generally required
to achieve maximum power transfer thanks to Maximum Power Point Tracking
(MPPT) algorithms.

Many MPPT techniques have been proposed in literature [84]. In high power
systems, such as outdoor PV panels, where DC/DC converter power
consumption contribution is negligible, closed looped and computational
intensive MPPT algorithms are used because of the significantly lower impact on
extracted power. Differently, in low-power applications, such as those based on
indoor PV panels or thermoelectric modules, DC/DC converters with open-loop
MPPT techniques such as Fractional Open-Circuit Voltage (FOCV) are usually
preferred [85] as a generally accepted trade-off. The FOCV algorithm assumes a
simplified linear dependence between the voltage corresponding to the
Maximum Power Point (MPP) and the open-circuit voltage (Voc) of the
transducer. Then, Voc is periodically sampled to track variations in available
power, and a constant scaling factor (k) is programmed once and for all at the
DC/DC converter input, depending on the application. An incorrect choice of
the parameter k results in a loss of efficiency of the harvesting system, especially
since its value is actually slightly dependent on the source intensity [86].

For what concerns robustness and durability aspects, the ability to keep the
input source to a predefined maximum power point may decay over time due to
malfunctions in the DC/DC converter electronics or natural drifts of passive
elements which are usually adopted in order to set the precise ratio with respect
to the open circuit voltage. Therefore it would be of great interest to have an
efficient method to periodically check the real maximum power point of the
panel and compare it with the actual working point of the converter. Moreover,
it would be useful to have a non-invasive method which could be applied to
different kind of DC/DC converter without the need to redesign the converter
itself. By monitoring the difference between the target maximum power point
and the actual one it is possible to estimate the state of health of the MPPT circuit
and eventually correct or compensate possible malfunctions.
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41 Studied solution: A novel approach to MPPT
maintenance in photo-voltaic applications

The proposed system relies on an algorithm to reconstruct the complete PV
cell Power versus Voltage (P-V) characteristic without requiring the value of
panel short-circuit current, as in [87, 88], but only the values of voltages and
currents at the transducer output during normal operation of a system
implementing the FOCV-MPPT technique. In this way, verifying MPPT
efficiency does not require dedicated power-consuming circuitry to be added to
the original harvesting system, nor power loss due to short-circuit current
measurement, but only the possibility of inserting an external measuring unit
between the panel and the DC/DC converter. During normal operation the
transducer is directly connected at the DC/DC converter input, while during the
debug phase the external measuring board is connected in series between the
transducers and the DC/DC converter input and allows one to measure voltage
and current (V, 1) values minimizing voltage drop (Fig. 56).
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Fig. 56 Deployment scenario of proposed method for monitoring FOCV MPPT algorithm efficiency
over time: (a) standard architecture, (b) enhanced architecture with measuring system for efficiency
tracking

The proposed method aims at verifying the efficiency of low-power
harvesting systems based on PV cells for indoor applications; the efficiency is
verified only during the installation or debugging phases and not run-time as
proposed in other works, for example in [89]. The method is applied to indoor
PV harvesting systems in which the light intensity levels are usually rated in
terms of photometric units (Ix); as an example, in the case of standard global AM
1.5 spectrum, an illuminance of 500 Ix corresponds to an irradiance of 500
EW/cm?2 [90]. The indoor illumination levels range from 100 Ix to 1000 Ix: a range
of 100-300 Ix is typical of home lighting, the range 400-800 Ix is typical of office
and meeting rooms, while near the window the illuminance level will reach 1000
Ix. Moreover, in indoor environments the temperature excursions are modest so
the temperature dependence of the PV cell characteristic can be ignored.
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Differently from other already described harvesting sources, like RF or TEGs,
which have an almost resistive characteristic, in photovoltaic cells the

relationship between voltage and current is not linear, and corresponding P-V
curve is shown in Fig. 57 for a fixed illuminance level.
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Fig. 57 Typical photovoltaic cell P-V and I-V curves. Voltage Vpp and current Inpp

As a consequence, established that in FVOC techniques the operating

voltage Vu which guarantee the maximum power transfer is found as a fraction
k of the open circuit voltage Voc following:

(xxviii)

Vi =k - Voc

then the value of the multiplying factor k must be chosen according to the
physical characteristics of the transducers. If for resistive transducer (RF, TEG)
typical value is ~ 0.5 [91], for photovoltaic cells more realistic values are ~ 0.7-0.8
[85, 86] and, more important, actual value differs between panels and may also

vary accordingly to irradiance level. Hence, particular techniques are required

to obtain a correct value of k in photovoltaic applications. By way of example,
typical waveforms associated to a FOCV algorithm are presented in Fig. 58.
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Fig. 58 Sketch, not in scale, of voltage (top) and current (bottom) waveforms at the transducer
output of the harvesting system based on the FOCV-MPPT technique



4.1.1 System Implementation

In order to design a system based on indoor PV cells and an FOCV-MPPT
technique, a developer needs to set the k factor according to the panel
characteristics. Two voltage values are needed: the value in open-circuit (Voc)
and in maximum power transfer (Vapp) operating points at the same illuminance
level. If not available from the transducer datasheet, Voc can easily be measured
by disconnecting the panel, while Vipp can only be determined by sampling the
full P-V (or I-V) characteristic, as shown in Fig. 57, changing the panel load until
the maximum output power is obtained. Given these measurements, k = Vpp /
Voc can be set in the DC/DC converter, and in common implementations this
value is considered accurate for all illuminance values. However, the k factor is
a function of panel fabrication process, illuminance and temperature values in
operating conditions. As discussed in section 4.1, in indoor applications, the
temperature dependence can be ignored since the temperature variations are
limited, and panel temperature can be considered always equal to ambient
temperature in first approximation. On the contrary, illuminance levels in indoor
environments range from 100 Ix to 1000 Ix. In order to define the value of the k
factor optimizing power transfer of the specific panel under analysis, complete
PV curve characterization would therefore be required for a number of
illuminance levels, but PV panel manufacturers often do not include these
characterizations in datasheets and specific equipment is required for full panel
characterization on site.

To overcome the problem, analytic-based MPPT techniques are proposed:
from experimental measurement of Voc and short-circuit current (Isc),
techniques for analytical calculation of the MPP of a photovoltaic array are
suggested in [87, 88].

Implementing these MPPT techniques in a DC/DC converter still requires
integration of additional power-consuming circuitry to measure Isc and to
compute Vypp, which is not well suited to low-power applications. Unlike the
previous technique, the proposed method allows reconstruction of the P-V curve
without requiring measurement of Isc, but only the values (Va, In) and (Voc, 0)
corresponding to normal FOCV-MPPT operation, as sketched in Fig. 58. The only
additions to the original harvesting system are a few passive components (switch
and connector) to allow insertion of a measuring board between the transducer
and the DC/DC converter (Fig. 56 (a)) whenever the efficiency of the power
transfer has to be monitored. The acquired data are sent to a PC where the
reconstruction algorithm is executed.

Comparison between the working point (Va, Im) and the optimal one (Vamrp,
Impp) corresponding to maximum power Pypp calculated from the reconstructed
characteristic gives an estimate of the efficiency of the MPPT algorithm and
allows one to modify the value of the multiplying k factor accordingly.
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4.1.2 Photovoltaic cell model: interpolation problem

The conventionally adopted PV cell model is described in [92] and refers to
an amorphous panel, as shown in Fig. 59
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Fig. 59 Amorphous PV panel equivalent model

which leads to the following equation:

b, vingi V + Ryl
(xxix) 1=IPG_ID_ISH=IG(1_m)_IO ensaVr —1 T TRy

Ic is the photo-generated current proportional to light irradiation. In
crystalline cells this term is independent of the operating point. In amorphous
cells, such as those used in the system analyzed, there is an additional
recombination current loss proportional to I and dependent on the operating
point, modeled with the corrective terms (b1, b2) on Ic: the effective photo-
generated current is therefore Ipc < Ic. The PV panel, being composed of a series
of p-njunctions, has a dark current component Ip which must be subtracted from
Ipc. In the Ip model, Iy is the diodes dark saturation current, ns the number of cells
in series, V1 = k-T/q the thermal voltage and a (a real number between 1 and 2)
the diode non-ideality factor related to additional recombination effects. The
illuminance is assumed uniform on all the n, cells. Along with these core
parameters, additional cell losses are modeled with resistors: Rsy is the shunt
resistance related to manufacturing defect losses in the device; Rs is the series
resistance related to ohmic paths in the junction and metal contacts.

To reconstruct the I-V curve, the value of the parameters in (xxix) are
required. It is worth noting that at first approximation the unknown parameters
can be divided in two groups:

e 4, Rsy, by, by have a very limited dependency on the degree of illuminance
and therefore can be calculated off-line just once, using dedicated algorithms
potentially exploiting advanced machine learning algorithms.

e Ig, Rs, Iphave a deep correlation with illuminance and must be calculated on-
the-fly.
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Hence, from a mathematical perspective there it should be necessary to
know 3 working points in order to solve this 2-unknowns problem.

The main panel characteristics provided by PV cell manufacturers are (V, )
values for one or a few illuminance levels at three operating points: open-circuit
(Voc, 0), maximum power (Vumpp, Impp) and short-circuit (0, Isc). It has been shown
[10] that it is possible to interpolate a complete I-V curve at a fixed illuminance
from these three operating points. Moreover, other studies [93] show how it is
possible to reconstruct the whole I-V characteristic starting from just two points,
maximum power (Vumpp, Ivpp) and short-circuit (0, Isc), thanks to some weighted
approximations. Unfortunately short circuit Isc value is not easily obtained in
common systems though, unless you consider to radically change the
architecture of the DC/DC converter. Conversely, it is very easy to know the
open-circuit voltage Voc, since it is periodically estimated within the
implemented FOCV MPPT algorithm, without changing DC/DC behavior or
adding supplementary circuitry. Hence it would be of great interest to find a
methodology to interpolate the I-V curve starting from Voc.

As a consequence, an original algorithm has been studied able to reconstruct
the I-V (P-V) curve from the only two operating points: the first being the
operative point of the DC/DC converter, potentially close to MPP (Vi In), and
the open-circuit point (Voc, 0).

4.1.3 Reconstruction algorithm

First of all a method to estimate the values of constant parameters a, Rsy, b1,
b, is proposed.

The characterization algorithm was developed in MATLABO and aims to
find the values of constant parameters which best fit equation (xxix) with a set of
experimental I-V panel curves. An offline full P-V panel characterization using
ad-hoc testing devices or available through datasheets provided by
manufacturers is therefore still required in the proposed technique as in common
implementation of FOCV-MPPT systems, but only for a subset of illuminance
curves: these parameters will then be used to reconstruct curves for all
illuminance levels.

The resulting quadruple of parameter is the one that minimizes the error

function:
2
e= \/ZZ”Im.ij - Ic,ij”Vl._L]. (xxx)
Vi Lj

defined as the root mean square of the distance between all measured points (i)
at different voltage points (Vi) and illuminance levels (L;) as compared to
calculated ones (I.;j) using the reconstruction algorithm described below in this
section.
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A minimum for that function is sought through the search method [94]
offered in MATLAB®, a direct search method that does not use numerical or
analytic gradients, while initial guess for parameters a, Rsy, b1, b» was taken from
literature [92] (b; =0.1V, b, =0.9 V, whereas a = 1.5 and Rsy = 2.5 MQ).

It is worth noting that the obtained values of a, Rs, b1, by, are the result of the
optimization phase: they act therefore as fitting parameters and may assume
values that are not physically acceptable, such as in the case of the parameter a
which can in some cases be found slightly greater than 2.

Starting from those constant parameters a recomnstruction algorithm is
developed.

To solve the system for I, Ip and R; three equations are needed. The first two
equations are obtained by substituting in (xxix) the values (Va, Im) and (Voc, 0)
measured in the two operating phases (DC/DC conversion and open-circuit
measuring) of a system implementing an FOCV-MPPT technique. To find the
third equation an approximation must be introduced.

It can be shown that, in a short-circuit (SC) case, the derivative of (xxix) can
be approximated as

dl 1

~

—_

(xxxi) av sc Rey

which is derived in [95] and is based on the assumption that RsIsc << a-ns-Vr.
This equation cannot be used in the proposed method because Isc is not known
from measurement; the third equation is therefore derived following an
approach similar to that in [95] but analyzing the derivative of (xxix) at the open-
circuit (OC) point. Even if (xxix) is a nonlinear implicit function, its derivative
can be calculated analytically using implicit partial derivatives. Calculation of
the derivative in (Voc, 0) leads to:

e dl A Iy Voc 1 b,
(xxxii) - = . A= eansVr 4 — 4 [ —
dV ocC 1 + RSA ansvT RSH (bz - Voc)Z

Typical values for the first term of A are in the order of 104 S. The third term
of A can be ignored because it relates to a corrective term of I¢ and is an order of
magnitude smaller than other terms (a typical value is in the order of 107 S). The
second term of A can also be ignored in all cases where shunt losses are small
(for Rsy > 10 KQ, it is <105 S).

A can therefore be approximated with its dominant first term. Series
resistance Rs, as a parasitic parameter, is usually less than 100 Q and this ensures
that Rs-A <<1 (10?), leading to:

- ) o
xXxx111) — ~ ————eansir
dVloc angVr
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Now we can equate (xxxiii) to (xxxii), obtaining the third system equation:

A I, Voc .
— eansVr (xxxiv)
1+ RsA  angVr

From a mathematical point of view, this means that since we know from the
physics of photovoltaic devices that some terms of (xxxii) are negligible, than we
can in first approximation force those terms to be zero, by equalizing the original
and the reduced form, so obtaining an additional equation.

The final equation system to obtain Ig, Ip and R; is therefore:

Iy = f(V)
0=fVoc) (xxxv)
(xxxiv)

Solving (xxxv) for Rs leads to an implicit nonlinear equation that cannot be
solved analytically. However, this equation can be solved by numerical methods
(its derivative can be calculated analytically, again with partial implicit
derivatives, so Newton-Raphson [96] may be used). The Rs value obtained can
be substituted in the first two equations to solve for Iy, Ic.

Once all PV panel parameters are known for a given illuminance value, the
I-V curve can be calculated from (xxix). Given that this equation is implicit and
nonlinear, it must be solved numerically (again by Newton-Raphson [96]) for
every point needed. From the calculated I-V curve, it is possible to obtain the P-
V curve and MPP, which can be used to verify the DC/DC converter MPPT
efficiency.

From a computational point of view, the Newton-Raphson method time
complexity of calculating a root of a function f(x) with n-digit precision, provided
that a good initial approximation is known, is O(logz2(n)'F(n)) where F(n) is the
cost of calculating f(x)/f'(x), with n-digit precision. In this case, F(1) can be
roughly estimated to take less than 100 sums and multiplications, so that this
method turns out to be very low demanding in terms of computational time.
Moreover, although this algorithm is intended to be an on-line method, its
refresh rate can be set in the range of hertzes or millihertzes, rather than
megahertzes, since it is related to changes in the environmental illuminance.
Therefore no particular constraints have to be matched for what concerns
computational time.

4.2 Results and discussion

The implemented prototype is shown in Fig. 60, including a sensor node
with an indoor photovoltaic harvesting module and a measuring board
connected in series with the DC/DC converter as depicted in Fig. 56 (b).
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Measuring
board

PV panels (Sanyo AM-1801)

Fig. 60 PCB prototype of proposed solution of a novel architecture to reconstruct I-V photovoltaic
panel characteristic on-the-fly in a solar harvesting scenario

The transducer is composed of two AM-1801 [97] PV panels while module
SPV1050 [98], especially devoted to ultra-low energy harvesting applications,
implements the FOCV-MPPT function and integrates a buck-bust DC/DC
converter. A resistor divider at the SPV1050 input allows one to program the
multiplying factor k value in (xxviii).

The set of panel P-V curves required as input for the characterization algorithm
was obtained by measuring the AM-1801 PV panel at six values of illuminance
level: 160 1x, 300 Ix, 600 1x, 900 1x, 1200 Ix and 1500 Ix. For each illuminance level,
the P-V curves were plotted and reported in Fig. 61.
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Fig. 61 Sanyo AM-1801 Panel P-V measured curves at various different illuminance levels

Considering extracted curves, a value of 0.8 is a reasonable choice for k factor.
Fig. 62 shows the measured (solid line) versus reconstructed (dashed line) P-
V curve at an illuminance level of 450 Ix, one of the illuminance levels used for
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the optimization phase. The two points used for curve reconstruction are
indicated: (Vm, Pv= Vum -Inm) and (Voc, 0).
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Fig. 62 Measured vs reconstructed P-V curve at 450 Ix. (V, Pam) and (Voc, 0) sampled when k =
0.8 (optimal condition)

The two curves are in good agreement and the error between the measured
PMPP and the reconstructed one is 0.23 %. The error is defined as:

_ |PMPP_meas - PMPP_reconstrl

RV ’h,,
PMPP_err - (’\'\M I)

=100

PMPP meas

Table 11 shows, for different illuminance levels, the two points used for
reconstruction (Voc and Vm/Pu), the MPP of the measured and reconstructed
curves (Vmrp/Pvpr meas. and Vmer/Puypp reconstruct.) and, in the last column,
the error between the maximum power points (Pmpp_err), defined in (xxxvi).

Table 11 MPP errors between measured and reconstructed curves ((Va, In) and (Voc, 0)
sampled with k = 0.8)

Lux | Voc[V] Va/Put [V/W] VMPP/[I"]% meas. reczr::f.l’[h{;;m P]\fc;zjen’
160 10.42 8.34 /(1.9673-10-4) | 8.34 /(1.9673-10-4) | 8.18 /(1.9714-10-4) 0.2
300 10.81 8.65/(3.7619-10-4) | 8.65/(3.7619-10-4) | 8.46 /(3.7721-10-4) 0.27
600 11.2 8.96 /(7.3203-10-4) | 8.96 /(7.3203-10-4) | 8.68 /(7.3567-10-4) 0.5
900 11.42 9.14 /(1.0744-10-3) | 8.57 /(1.0843-10-3) | 8.76 /(1.0835-10-3) 0.08
1200 11.64 9.31 /(1.4154-10-3) | 8.73 /(1.4448-10-3) | 8.79 /(1.4399-10-3) 0.34
1500 11.75 9.40 /(1.7484-10-3) | 8.81 /(1.8048-10-3) | 8.75 /(1.7961-10-3) 0.48
450 11.12 8.90 /(5.4355-10-4) | 8.34 /(5.4460-10-4) | 8.65 /(5.4586-10-4) 0.23
750 11.39 9.11 /(9.0118-10-4) | 8.54 /(9.1319-10-4) | 8.77 /(9.0819-10-4) 0.55
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The highlighted rows display the illuminance levels not included in the
measured set of P-V curves used for reconstruction. In all cases tested the error
between measured and calculated Pumpp is lower than 0.55 %. The difference
between measured and reconstructed VMPP is in all cases lower than 0.3 V; note
that the Vapp difference results in such a low error in estimated MPP since
around this point the derivative of the power curve is low.

Once verified the correct behavior of the method when DC/DC is working
with an appropriate k factor, further analysis have been accomplished in order
to evaluate the algorithm when DC/DC is suffering from some kind of
malfunction in the MPPT mechanism, and therefore it is operating at a wrong k
factor. To do so, the system was forced to work with k = 0.6, far lower than correct
value of 0.8, in order to simulate a degradation in MPPT algorithm.

Fig. 63 show the reconstructed curve at 450 1x with a degraded k factor = 0.6.
It can be observed that even if the operating point in this case is far away from
the MPP, the reconstructed curve is still a good approximation of the measured
one. The error in the estimated Pupp is larger than in the previous cases but less
than 2 % while the Vpp difference is still in the same order (0.3 V). It can easily
be observed that the operating point Vi is lower than the optimum one Vapp,
which enables one to state that k = Vi / Voc is lower than optimum and suggests
the correcting action of increasing k by acting on the voltage divider at the
DC/DC converter input. Similar results were obtained for different illuminance
levels and programmed k values, showing that the proposed technique allows
an accurate estimate of MPPT efficiency to be made without requiring a scan of
the full PV panel characteristic.
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Fig. 63 Measured vs reconstructed P-V curve at 450 Ix. (Va, Pym) and (Voc, 0) sampled when k =
0.6 (degraded condition)

Ultimately, the proposed method allows to reconstruct the characteristic
when the PV cell is integrated in a harvesting system composed of the cell itself
and a DC/DC converter implementing an FOCV-MPPT technique without
additional dedicated power-consuming circuitry or power loss due to short-
circuit current measuring. The algorithm combined with an external
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measurement unit, connected during the debug phase in series between the
transducer and the DC/DC converter, is applied so as to verify the efficiency of
the MPP tracking technique in a prototype energy harvesting system composed
of indoor PV panels. Experimental results prove that the error between the
measured and reconstructed curves in the MPP point to be evaluated is less than
1 % if the measured point used to reconstruct the curve is near the MPP. This
error increases (less than 2 %) if it is far away from the MPP, but the difference
in the estimated Vupp remains in the same range (0.3 V). The difference between
the calculated Vupp and the transducer operating point Vi is a clear indicator if
the k factor is not optimum for maximizing power transfer; by observing the
reconstructed characteristic, one can easily understand the corrective action to
be taken on the multiplying k factor.
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Chapter 5

Robustness and durability aspects due to Hot
Carrier Degradation in switching devices

Another important aspect related to the concepts of robustness and
durability is the one regarding the health and degradation rate of the single
transistors which are the basis of the integrated circuits for power management.
As widely explained in section 1.5 and 2, the specific waveform in a common
DC/DC converter has an impulsive shape, since one or more integrated
switches, typically n-MOS or p-MOS transistors, are periodically switched on
and off in order to control the flow of current from input source to output load.
In this scenario, a typical situation is the one occurring during the commutation
transient time between ON and OFF state, when transistors are simultaneously
subjected to high values of gate-source voltage and drain source voltage.

Referring to Fig. 7, if we consider n-MOS D, during the OFF phase it is
switched off and its drain node is shorted to the output load through the p-MOS
B, making its voltage possibly equal to the input source or even more in boost
devices. When transition between OFF phase and ON phase occurs, then n-MOS
D is switched on and its drain voltage drops approximately to ground, yet
during this transition the voltages of gate and drain are found to be high at the
same time for a brief transient time interval. As a matter of fact, this transition
starts with the gate node driven high (i.e. brought to the supply voltage) in order
to switch on the n-MOS, and after that the drain node starts to discharge till it
reaches approximately ground, with a time constant depending on associated
RC parasitic elements. Similar considerations may be made for other MOS
switches involved in the DC/DC conversion too. A typical waveform showing
this situation is reported in Fig. 64, being the red line the drain voltage while the
blue line the gate voltage.

v \%

19 n m 5.0

171 4.5 Drain

15.2 VD N 4.0 2 ]
133 19V 3.5 § >
11.4 VG .o Gate = |5
9.5 / 2.5 'g-, i
7.6 2.0 T

57 / 3V s V.ON E

38 1.0 ource
1.0 /: 5I"IS: 0.5 -

0.0 :

2 3 4 5 6 7 8 9 10 t(ns)
Fig. 64 Typical switching condition in DC/DC MOS elements
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This condition is proven to be the major cause for single MOS degradation
due to hot carrier effect in lateral double-diffused MOS (LDMOS) power
transistors [99]. Indeed, in the presence of a high voltage drop between source
and drain, the electric field is much stronger on the source side than on the drain
side, and the voltage drop due to the channel current is concentrated on the drain
side. As a consequence, carriers traveling from the source to the drain can gain a
considerable amount of energy, becoming the so called hot carriers. If the
acquired energy is sufficient, some of these carriers may be able to surmount the
energy barrier at the Si/SiO» interface and be injected into the oxide. Then, they
can be eventually permanently trapped in the oxide or break some binds in the
oxide or at the SiO» interface, producing the effect of hot carrier degradation
(HCD) [100].
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Fig. 65 Schematic of the medium rated voltage N-drift LDMOS with customized thick oxide
realized on 200-mm silicon wafer. “A. N. Tallarico et al., “Investigation of the hot carrier
degradation in power LDMOS transistors with customized thick oxide” in Microelectronics
Reliability. vol. 76-77, pp. 475-479, Sep. 2017”

In Fig. 65 a section of an N-drift LDMOS is presented, which shows the
generated traps and interface states due to hot carrier degradation. Moreover,
the intrinsic on-resistance of the device is depicted too, which represents the
actual resistance of the device while working in ON-state regime. The
remarkable thing is that the Ronx value has a strong correlation with the HCD, in
the sense that this kind of degradation produces an increase in the on-resistance
of the device [101], which is depicted in Fig. 66.

Graph presented in Fig. 66 clearly shows the relationship between the
degradation rate, evaluated as the stress time applied to the device, and the
correspondent on-resistance.
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Fig. 66 Experimental (symbols) and simulated (line) Ron degradation as a function of different
stress conditions. “A. N. Tallarico et al., “Investigation of the hot carrier degradation in power
LDMOS transistors with customized thick oxide” in Microelectronics Reliability. vol. 76-77, pp.
475-479, Sep. 2017”

Moreover we can also state that higher Vgs voltages produce higher
degradation values, especially in the early period, and that the actual on-
resistance of the device can be a good estimator for the overall degradation state.
As a consequence, while obviously reducing the lifetime of the device by
introducing reliability issues, HCD has also a negative impact on the efficiency
of the overall DC/DC converter. For this reason, several studies have been
proposed in order to model, predict and prevent this mechanism.

5.1 State-of-the-art solutions

Several models of HCD mechanisms have been recently proposed in order
to perform effective predictions of the degradation level, both in terms of
analytical expressions to be solved through a mathematical approach and
physical representations of devices to be simulated through technology
computer-aided design (TCAD) tools [102, 103, 104, 101].

On the other hand, in order to tackle HCD problem by reducing the
probability of generating defects on the SiO; interface, advanced physical layouts
are being studied which are less susceptible to the effect of hot carrier generation.
In this direction [105] proposes a novel architecture of a lateral DMOS transistor
with multiple floating poly-gate field plates and a modified recessed poly-gate
structure which guarantee a reduction of the degradation ratio of about 36%.
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Working at circuit level, other solutions are proposed aiming at smoothing
or shifting the commutation edges in order to avoid the concomitant presence of
high gate-source and drain-source voltages [106, 107, 108, 109]. Several different
architectures are presented with different levels of complexity, all of them
sharing the basic idea of adding a switching element possibly in combination
with other passives (diodes, inductors, capacitors), which through a proper
synchronization can both reduce the gradient or the flowing current during
transitions and space edges of drain and gate nodes, for example by bringing the
drain voltage to zero before the MOS is switched into an ON state. Although
these kind of architectures are usually developed to solve efficiency and
electromagnetic interference problems, they can also be adopted in the field of
hot-carrier degradation [110], at the cost of increased design complexity.

A constant interest is also observed in developing solutions able to monitor
the degradation state due to hot-carrier effect [111, 112, 113, 114], including both
on-line and off-line architectures. The chance to know the degradation level of
one on more devices inside an integrated circuit is obviously an effective way to
predict the lifetime of the entire system in a reliability perspective, but it can also
be useful in an efficiency perspective, for example by including additional
circuitry which would be possibly able to compensate the increase of power
losses due to the higher values of MOS on-resistance associated with HCD. In
this scope a novel architecture has been studied and implemented in order to
monitor the degradation status of a MOS switch ina DC/DC converter for power
management.

5.2 Studied solution: monitoring HCD in DC/DC
converters

Considering specific issues of developing a monitoring system for HCD in
DC/DC converters, some aspects should be taken into account:

e DC/DC converters are circuits that serve the overall system by providing
power supply to all other block, so a reasonable approach is to develop an
on-line methodology which would be able constantly monitor HCD at
runtime without halting the converter.

e As explained in section 5, the actual value of on-resistance Ron is a good
predictor for the MOS degradation. Nevertheless in order to know the value
of Ron, both drain voltage and current must be known at the same time,
which introduces some challenges especially for what concern the current
measurement. As a matter of fact, typical current sensing architectures
include a sense resistor on the current path [115, 116], but as already
discussed in chapter 2, the introduction of any resistive path has a strong
negative impact on the efficiency of the system. Thus the current sensing
architecture should be carefully designed in order to consider such aspect.
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Starting from these considerations, a dedicated design was implemented for
a boost DC/DC converter with on-the-fly embedded hot-carrier degradation
monitoring through a sensing mechanism of the on-resistance of the MOS under
observation. The project was developed in association with STMicroelectronics
within the European project R2Power300 and ECSEL joint undertaking group, for
the continuous technological innovation on smart-power technology and design.

As areference, a conventional DC/DC boost architecture is presented in Fig.
67, which clearly identifies the n-MOS device that may be subjected to hot-carrier
degradation. Taking this schematic as basis for developing the monitoring
system, the main challenge is to efficiently measure the voltage at drain node D
and the corresponding current Ipraiv in order to evaluate the value of the on-
resistance Ron, accordingly to Ohm’s law. Moreover, from a practical point of
view, this means that it would be necessary to provide an additional mechanism
to calculate the resulting resistance as the ratio between the monitored voltages
and currents, being sure to correctly synchronize the two signals. The required
mechanism could be either integrated within the DC/DC converter or external,
and in the first case the circuit would directly provide the value of resistance,
while in the second case it should provide two different vales for voltage and
current.

L T
ON R
Output load

= = n-MOS =
subjected
to HCD

Fig. 67 Typical architecture of a boost DC/DC converter

In any case, a degradation in the observed MOS would produce an increase
in the Ron resistance and, as a consequence, an increase of the drain voltage Vp
for the same current flowing. In other words, a percentage variation of Ron
(% ARon) produces an equal percentage variation of Vp (%AVDp), while in absolute
terms we have:

AVD = ARON - ID' %ARON = %AVD @ fixed ID (,\',\',\'I’[i)
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It is clear from (xxxvii) that if we also take into account possible noise or
errors in the measurement of AVp, then the best signal-to-noise-ratio is obtained
at the highest current flowing Ip. In addition to that, since the current flowing
into the observed MOS has typically a saw-tooth shape as described in section
1.5, the maximum obtainable current always occurs on the threshold between
the ON phase and the OFF phase, i.e. just before the MOS is switched off.

5.2.1 A reliability aware DC/DC converter

Starting from these considerations, a simplified approach can be
investigated, instead of constantly monitoring both current and voltage values.
The proposed idea is to fix the maximum current flowing in the observed MOS
at the end of the ON phase and then to sample the drain voltage Vp exactly when
maximum current is reached just before switching off the MOS: in this way the
comparison on Vp is always performed at the same flowing current so the
percentage variation of Ron can be directly obtained from the percentage
variation of Vp, and furthermore the comparison is always performed when
current is at its maximum, so improving measurements precision.

The architecture of the proposed solution is shown in Fig. 68.

o Gate
v g'g'tall Driver
TH ontro __eDegradation
S1 5 flag
_.’7 Vsample -g g
L T 153
Q ]
7000 EI a3
l/lD ° Uﬁ _Vref_vD 8 8
Gate Driver -|~., 3 =
‘b U 3
> a
= = n-MOS -
subjected
to HCD

Fig. 68 Proposed architecture of a boost DC/DC converter with embedded detection of
degradation level

The combination of the integrator circuit INT and the comparator circuit C;
is used to set the maximum current inside the monitored MOS; the sampling
circuit composed by the switch S;, the sampling capacitor Csumpe and the
comparator circuit C; are used to store the information about the RON variation
and possibly generate a flag signal if the detected variation is above a predefined
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threshold; a digital control circuit is designed which generates the gate signal of
the switching element. The chosen technology for implementation is a 90 nm
BCD process.

522 Functional overview

In order to control the flowing current without introducing any resistive
element, the relationship between voltage and current of inductor L is exploited.
Starting from the general equation of the inductor it is possible to state that:

dl yields 1
V= LE — = ZJ. V + Linit (xxxviii)

The integrator INT generates a signal Vivr, which is obtained by integrating
the voltage drop across the inductor, which is therefore proportional to the
current Ip during the ON phase, when the MOS is switched on. The value of the
maximum current is then set by means of an external reference voltage Vi i,
which must be chosen following:

Vref 1
Vierip = @ L Iyax; Iyax = . __LD (xxxix)

being a a proportional coefficient related to the specific implementation of the
integrating circuit, explained in detail in section 5.2.3. During this phase, the
sampling switch S; is closed, so that Vsl follows the value of Vp.

Once the maximum predefined current Imax is reached, the control signal
VrH is raised, this meaning that the drain voltage Vp is ready to be sampled. As
a consequence the digital control block opens the sampling switch S; and drives
the gate driver low, so determining the end of the ON phase and the consequent
beginning of the OFF phase. In this way, Csumpe stores the value of Vp when a
precisely known current Iyax was flowing through the drain of the observed
MOS. Consequently the value of Ve can be directly used to estimate the on-
resistance of the MOS and it can optionally be compared with a reference value
through the comparator C,. For example, the value of Vi for a fresh device
Vsample_fresh can be considered, then a relative value of 105% of Viampie_fresn can be
used for the reference value of Vi vo. In this way, since the percentage
degradation of the Ron is equal to the percentage degradation of Vp as explained
in (xxxvii), then a specific flag is raised if the degradation exceeds 5%.

The sampling procedure is necessary in order to relax the timing constraints
of the comparator C; and of the digital control block, since with this architecture
they have a period of time equal to the whole duration of the OFF phase in order
to complete the comparison and potentially raise the flag signal. From an
operative point of view, the behavior of the system can be recapped as follows:
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e A specific value of Vs » must be chosen, which sets the exact value of the
peak current through the observed MOS at the end of the ON phase. The
precise relationship between Vs i and Inax is reported in section 5.2.3.

e The DC/DC converter is then operated at time zero, i.e. with a fresh device,
and the value of Ve is observed. This value Viumple_sesn represents the
reference value associated with the initial Roy of the device.

e A custom maximum relative degradation value is taken into account and
used to set Vi vo. For example if the maximum acceptable degradation for
the device is 5%, then a value equal to 105% of Vsuupie_sesn sShould be chosen
for Vi vo.

e During normal operation, the ON phase always lasts exactly the time needed
for the current to reach the peak value Iyax. The subsequent OFF phase lasts
the time needed to bring the current back to zero, which means that the
inductor is always completely discharged every transition, so the converter
actually works on the threshold between continuous and discontinuous
mode (see section 1.5). This behavior is helpful as in this way the initial
current at the beginning of the ON phase is always null, which simplifies the
implementation of the integration circuit. As a matter of fact, the integration
signal Vinr is proportional to the variation of the flowing current, so the
initial value Iy should be taken into account, if not zero (xxxviii).

o Initially, the value of Viuuple is equal to Viampie_resn, S0 N0 exception is raised.

e Over time, Ron resistance degrades, this producing a constant detectable
increase in the value of Vi, till it optionally reaches the Vi vo value, in
which case a degradation flag is raised from the digital block.

e In order to speed-up the degradation of the observed MOS, a specific mode
is provided controlled by an external pin. In this mode, the observed MOS is
always switched on, while its gate and drain voltages can be set from the
outside without affecting the rest of the electronics.

It is worth noting that since the comparison of different values of Vp is made
when the maximum available current is flowing, then it is also guaranteed that
the best measure precision is obtained too (xxxvii).

As explained, both the ON and OFF phases are regulated by the associated
current flowing inside the inductor L. The first one ends when current is equal
to Imax, the second one when the current drops to zero. It is clear therefore that
in this architecture there is no active feedback between the output node and the
duty cycle of the converter. As a consequence, the output voltage cannot be
regulated by the modulation of the duty cycle. For this reason an additional
comparator is provided which monitors the output voltage and which switches
off the entire converter as soon as the desired output voltage is reached. Then,
the hysteresis of such comparator guarantees that voltage remains close to the
desired one, i.e. the converter is switched on again if output voltage drops below
the desired value minus hysteresis. This approach is actually the same already
explained for solutions in section 2.2. Accordingly, the output voltage is
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subjected to two different kinds of ripple. The first one is associated to the normal
switching activity of the converter and therefore its peak-to-peak value is related
to the maximum output current and to the output by-pass capacitance, while its
frequency is equal to the switching frequency of the converter. On the other
hand, another ripple is observable which is caused by the described on-off
regulation, whose peak-to-peak value is therefore equal to the hysteresis of the
control comparator which monitors the output voltage. Consequently, this
second ripple can be regulated by tuning the hysteresis of the comparator, and
its frequency depends on the hysteresis itself, the output by-pass capacitance and
the current load, assumed that it would be clearly lower than switching
frequency of the converter.

As a consequence, the value of Iyax should be chosen accordingly to the
power request of the connected load, since the average extracted power from the
source should be higher than the required one in order to achieve successful
operation.

Finally, considering temperature variations of Ron, no temperature
compensation has been studied for this solution, since the objective was to verify
the feasibility and the effectiveness of degradation monitoring. In order to
overcome this issue in the present implementation, an external sensor could be
considered to be placed on the testing board, in order to monitor the temperature
of the device. With this information available, the obtained Vium could be
accordingly compensated if a reliable model of the dependence of Ron over
temperature is available.

Expected waveforms are presented in Fig. 69.

Hot Carrier Degradation Detected

RN ANAN

I 4 t

BEFORE DEGRADATION AFTER DEGRADATION t

Fig. 69 Expected waveforms of respectively: Vayain (violet), Vi vo (green) and Liwin (red), before
and after degradation

5223 Maximum current regulation: integration block

In order to set the precise maximum current Iyax, an integration approach is
used. The objective of the integration block is to integrate the voltage drop across
the inductor L in order to obtain an output signal proportional to the flowing
current, as already mentioned in (xxxviii) and (xxxix). Furthermore, as explained
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in 5.2.2, the initial current is always zero, so it is not necessary to consider the
value of Iy in (xxxviii).
A typical integration architecture is presented in Fig. 70.

C-

V+ int

R+
C+

Fig. 70 Typical architecture of an integrator circuit with two coupled capacitors

In order to obtain a reliable integration, values of C+, C-, R+ and R- should
be correctly matched and, more important, they should be independent of any
variation of the applied voltages. As obvious parasitic elements should be taken
into account when considering matching, which are particularly critical in the
adopted 90 nm BCD technology. As a matter of fact, the resulting structure with
parasitic is presented in Fig. 71.

Parasitic current dependlng on:
N-well, V-, V., voltage

Same potential:
Parasitic current basically =7
depends only on N-well voltage

Fig. 71 Typical architecture of an integrator circuit with two coupled capacitors and parasitic
elements exposed
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The resulting effect is that parasitic currents flow in the two capacitive
branch is present, which partially depend on the voltages of n-well and substrate
nodes. Even worst, they depend on input and output voltages (V-, V+, Viu), and
therefore they are not equal in the two branches and they vary accordingly to the
working point of the circuit, so they cannot be easily compensated. As a
consequence, the conversion factor o used to determine Imax (xxxix) is not
constant.

In order to overcome this problem, an alternative structure is proposed,
shown in Fig. 72.

N-well

Only one capacitor referred to ground

Fig. 72 Adopted architecture of the integrator circuit, with parasitic exposed and a unique capacitor
element connected to ground.

With this solution, a unique capacitor is adopted connected to ground. Since
substrate and N-well are at fixed values, then the resulting effect due to parasitic
is to simply increase the value of C, plus a minor resistive effect depending on
the value of Rp;, which can be neglected in first approximation. The resulting
transfer function between flowing current i(#) and integration signal Vi.(t) is
therefore:

(xI)
L . ds Vsource 1-6 Rf_R+ .
{Vint(s)—RJr_C-L(s)- +1—6_R+-C. +1—6'6_Rf+R‘ Laplace domain
STR¥.C STRFC
L 6—1 &1, T -1 R, R*
lVint(t) R c i(t) RF-C er7c’ —%_Tcg- erict; § = RiJ'R‘ Time domain

which can be simplified for 6 =1 as:
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Another interesting aspect of this architecture is that it is possible to add any
arbitrary capacitance to nodes Vi, and Vj, without affecting the behavior of the
integrator circuit, but only changing the conversion factor ¢. Thanks to this
property, R+ and R+ can be placed outside the integrated chip and properly
chosen in order to match the ratio § = 1. As a further consequence, it is possible
to also place the capacitor C outside the integrated circuit.

From a practical point of view, provided that 3 = 1, then the value of Vi1
should be chosen following the formula:

(xlii) Vref_ID = W “Iyax

Finally, operating frequency can be approximate as following:

fow = 1 1
i sw=57 L
i —In [(1 - _IMAXRON)RON]

VI N

5.2.4 Comparison circuits

Referring to figure Fig. 68, two comparison circuits are provided in order to
implement comparators C; and C». Input voltages associated with these circuits
are relatively low with respect to the maximum driving operative range of the
used MOS (5V), and the adopted architecture is almost equal to the one
presented in Fig. 14, section 2.2.4, and it is not further analyzed in this section.

On the other hand, considering the behavior of the proposed converter
explained in section 5.2.2, two other comparators should be included, as depicted
in Fig. 73. The first one, Compzcs, is used to detect when the current flowing
inside the inductor L towards the output load drops to zero, so determining the
end of the OFF phase. From an operative point of view, during the OFF phase the
drain voltage Vp is forced to be higher than input voltage in order to allow the
flow of current through the diode D. As soon as the current is nullified, Vp falls
again below Vsource so determining the commutation of the comparator.
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Fig. 73 Block diagram of additional control signal of proposed DC/DC converter with associated
comparators

The second one, Compgpoost, is necessary to monitor when output node
exceeds input source, this meaning the converter should actually start to operate
as a boost converter. As a matter of fact, till output voltage remains above input
source, a positive flow of current is always allowed from input to output through
the series of inductor L and diode D, so no switching operation is necessary.

As both these two comparators are connected to high voltage nodes (both
Vsource and Vour can assume values above the maximum driving operating
voltage of adopted MOS (5V)), then a dedicated design must be provided.

A simple approach is to use a dual architecture of the one proposed in Fig.
16 (a), but in this case a constant bias current would always be drawn from the
V- node, which is connected to the output node in the proposed structure. This
is particularly unfavorable as it may result in an unwanted discharge of the
output node when converter is in idle mode. As a consequence, a new
architecture is proposed in Fig. 74.

In this solution, a bias current of approximately 6 nA is drawn from V+ node,
which is actually connected to input source in this configuration and which
therefore doesn’t affect the output node, while causing a negligible impact on the
quiescent current of the overall system. LMr, LMy and LM} are power LDMOS,
which can accept up to 20 V as drain-source voltage with a maximum gate-source
/ gate-drain drop of 5V. When V- is higher than V+, than LM}y is switched off, so
no flow of current is allowed and node V, is brought slightly above V+ node. At
the same time, differential amplifier DOA tries to compensate this variation by
decreasing feedback signal V, so partially switching off MOS LMF. Because of
that, current flowing inside LM is erased, and as a consequence node V, exactly
follows the value of V- (more precisely V- minus the characteristic threshold
value of MOS LM and LMp). In this way, a proper Vgs (< 5V) is always present
across LM; and LMp, while the main drop (V- - V+) is applied to drain-source
nodes, as desirable.

98



VSOU RCE

Fig. 74 Schematic of a novel comparator with wide input voltage range adopted to generate
additional control signal

Conversely, when V- falls below V+, bias current is allowed to flow through
LMpy and V; drops below Vsource. Hence, DOA increases feedback signal V, so
switching on LMF. In this case, bias current is also allowed to flow inside LM,
whose value is almost equal to the one in LMy. Consequently, feedback action
forces the node V, to assume a value which allows the flow of a current equal to
Ipias through both LMy and LM,. As in previous case, gate-source voltage is
always below maximum operating range of 5V for all considered MOS.
Moreover, the current drawn from node V- is only the difference between the
two bias currents, which mainly depends on layout mismatches between current
sources.

Simulated results prove that a total current < 1 nA is statically drawn from
node V- in both cases.

Finally, comparator Comp transforms the differential information into a rail-
to-rail signal suitable for digital logic.

For the sake of completeness, the schematic of the differential operation
amplifier OPA is reported in Fig. 74. The interesting thing is the presence of a
double supply, as the first stage needs to handle signals in the range of the supply
voltage up to 12 V, while the output stage needs to provide a signal which is
suitable for the subsequent circuits operating at 5 V. Furthermore, in the first
stage of the circuit, a series of high voltage LDMOS is used in order to decouple
the high voltage section of the circuit, connected to Vsource, to the low voltage
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section of the circuit, connected to ground. Thanks to this architecture, when
Vsource rises above 5 V, all the exceeding voltage drop is applied to the
decoupling MOS, thus guaranteeing a safe operating area for all other devices.
Furthermore, this structure is self-biased, in the sense the gate voltage Vg is
directly set trough the combination of bias current Ipas and LD; in diode-
configuration.
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Fig. 75 Schematic of a dual-supply fully differential operation amplifier with wide input voltage
range
é

For what concerns the architecture of comparator Cmp in Fig. 74, it is the
exact dual structure of the one showed in Fig. 14, so no further analysis is
presented in this section.

5.2.5 Delay aspects in Imax comparator

With reference to Fig. 68, a critical aspect may be the delay associated with
comparator C1, which is used to determine the maximum flowing current.
Considering the proposed architecture, a precise and stable control of the
maximum current is mandatory in order to obtain reliable values of degradation
status.

From a general point of view, if the gradient of the monitored current would
always be the same in any condition, then a possible delay in comparator C1
should only cause a constant offset in the maximum current. This situation is
substantially harmless, since the crucial point is that the current should always
be the same, regardless of its actual value. Unfortunately this is not the case, since
the slew rate of the current depends on the input voltage Vsource, as shown in
Fig. 76.
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Fig. 76 Description of the effects of a potential commutation delay of designed comparators with
respect to the actual value of the maximum current obtained at the end of the ON phase

Being Imax the expected value of maximum current, and & the comparator delay,
then two different actual values of maximum current (Icomp: and Icompz) are
obtained. From an analytical point of view, we can state that:

) _sRon\ (V.
(xliv) ]Comp = (1 —e Ll )(% _ IMAX) + Iyax
ON

Consequently, if the maximum acceptable percentage error is ¢, it can be argued
that:

I

COMPmax Iwmpmin

(xlv) <e¢

IMAX

Being lcompmax and leompmin the minimum and the maximum values of Imax
corresponding to the minimum and maximum acceptable values of Vsourck.
Starting from (xlv), the maximum delay associated to comparator CI can
therefore be expressed as:

L IyaxR
(l”l[’i) 5MAX < _R—ln <1 — & MAX_ON )

oN VsuPmax = Vsupomin

which for design values reported in Table 12 is approximately 70 ns for a 3%
error, compatible with the designed solution.

5.2.6 Reference voltage circuit
An evolution of the bandgap circuit presented in section 2.4.1, and its schematic

is shown in Fig. 77.
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Fig. 77 Schematic of proposed bandgap reference with wide supply voltage range

The rejection to supply voltage is increased through the double-cascoded
current mirror configuration, biased via resistors Ry, which guarantees a higher
output impedance of the mirror stage. Moreover, the insertion of the decoupling
stage allows this circuit to be suitable for supply voltages up to 12 V. In fact, as
already explained in section 5.2.4, the role of the two LDMOS is to decouple the
high voltage section of the circuit (above the decoupling stage) and the low
voltage section (below the decoupling stage). Any voltage drop higher than 5 V
is applied to the LDMOS, so that other two section always operate within safe
operating conditions. Moreover, this structure is self-biased, as gate node of the
two LDMOS is polarized through the associated coupled MOS in diode-
configuration. Simulated overall current consumption of the module is less than

10 nA.
5.2.7 Simulated waveforms

In Fig. 78 simulated waveforms of described signals are shown.
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Fig. 78 Simulated waveforms of switching signal of proposed solution. In detail: drain voltage of
observe MOS (blue), integrated voltage Viys (dark green), current flowing inside inductor (light
green, negative by convention), and gate driver (red)

Simulated waveforms match expected behavior as described in Fig. 69. More
precisely, during the ON phase, i.e. when gate driver is high, the inductor L is
charged and its current (green) grows almost linearly, since it has been ideally
connected to a constant voltage source Viure (notice that in the graph the current
Iinpucror is negative by convention). During this phase Vauin increases
accordingly to its intrinsic Rox resistance, as well as the integral signal Vintecrar
which follows the increasing current. As soon as it reaches Vs 1o the OFF phase is
started by bringing the gate driver to zero and switching off the connected MOS.

During the OFF phase the inductor L is discharged towards the output load
and, as a consequence, the integrating signal VinrecraL increases accordingly,
although it is not considered during this phase. It is worth noting that a reset
circuit was added to the structure in Fig. 72, which shortens the capacitor C to
ground at the end of each ON-OFF phase. Thanks to that signal Vinrecrar always
starts from zero so avoiding residual errors due to subsequent integration
processes.

A more detailed simulation is presented in Fig. 79, with shown signals
referring to Fig. 68.
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Fig. 79 Simulated waveforms of switching signal of proposed solution in detail - before
degradation. First strip: drain voltage of observe MOS (red), integrated voltage Viu (green),
current flowing towards output load (purple), reference value Vo (blue). Second strip: out
voltage (blue), source wvoltage (black). Third strip: degradation flag (green). Fourth strip:
degradation detection signal, out of comparator C (blue). Dotted vertical red lines represents the
instant of time when degradation detection signal is sampled to potentially generate the
degradation flag

This simulation refers to a precise condition when the drain voltage Vpramv
is equal to the corresponding Visvo. During the ON phase, the degradation
detection signal is low, so it is correctly evaluated as zero at the end of the ON
phase by the digital block, so no flag is raised as expected. Other signals follows
the behavior already explained in Fig. 78. In this case, simulated Roy is 400 mQ
with a peak current of 1.7 A and a reference voltage of 680 mV.

On the contrary, if Ron exceeds 400 mQ due to degradation the expected
Vbram is higher than the reference voltage Vs v», this causing the flag event. This
situation is reported in Fig. 80, where a Ron of 590 mQ is adopted. It is clear that
in this case at the end of the ON phase the value of Vpraw is about 1 V, and since
it is greater than 680 mV, then when sampling occurs the degradation detection
signal is high and degradation flag is asserted.

In both cases, Vintecrar signal is significant only during the ON phase when
it is actually used, while it is set to zero in every other situation through a
dedicated circuit. This adjustment guarantees that its initial value is always zero
at the beginning of the ON phase, so eliminating any incremental error which
would otherwise affect the integration measure. As a matter of fact, in an
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unconditioned integrator circuit the measure error is generally summed over
time, so rapidly diverging.
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Fig. 80 Simulated waveforms of switching signal of proposed solution in detail - after degradation.
First strip: drain voltage of observe MOS (red), integrated voltage Viu (green), current flowing
towards output load (purple), reference value Ve v (blue). Second strip: out voltage (blue), source
voltage (black). Third strip: degradation flag (green). Fourth strip: degradation detection signal,
out of comparator Cy (blue). Dotted vertical red lines represents the instant of time when
degradation detection signal is sampled to potentially generate the degradation flag

5.2.8  Specifications

The proposed solution was implemented in a 90 nm BCD technology in a
0.312 mm? area, using an LDMOS 20V-tolerant as switching element. Layout of
integrated circuit is presented in Fig. 81.

The dimensioning of the switching MOS was particularly critic, due to the
need to force its degradation through a dedicated procedure. As already
mentioned a specific mode is provided which allows to directly drive the
voltages of gate and drain of the observed MOS, in order to stress it and speed
up its degradation. This specific procedure implies to apply high voltages to both
gate and drain, with typical values of 3-5 V for gate and 12-15 V for drain, which
can potentially lead to high values of flowing current with high level of produced
heat due to Joule effect. Considering that the proposed package for the test chip
has a thermal resistance of about 25 °C/W, the maximum acceptable dissipated
power is about 5W. The width of the LDMOS has then been chosen accordingly
and an associated nominal on-resistance of about 7.34 Q.
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Fig. 81 Layout of the proposed solution of a boost DC/DC converter with embedded detection of
degradation level, with different blocks highlighted

The reference voltage Vs is generated internally through a bandgap
circuit, which also provides bias currents for the other analog blocks of the
circuit. Its value is set to 1.05 V and it should be used to compute the value of R+
accordingly to (xlii). Considering that capacitance C is already integrated in the
circuit and it has a value of 63 pF, then for example for an external inductor of
340 uF and a maximum current of 57 mA a value of 309 kQ should be chosen for
R+. Furthermore, taking into account a maximum current of 57 mA, the initial
reference value Vampie fresn is 418 mV, so guessing a maximum acceptable
degradation of about 10% then a value of 410 - 1.1 = 460 mV for Vs vo

A summary of the simulated values is reported in Table 12.

Finally, a simulated efficiency of about 91.5% was observed for Vsource =9 V
and Vou = 18V, while concerning degradation monitoring, simulated results
show that a variation of 7% in Ron, corresponding to a voltage variation of about
25 mV, can be correctly detected.
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Table 12 Summary table of different dimensioning and operating conditions of proposed solution

Parameter ] Value | Unit
Operating conditions
Input voltage range 3-12 \
Output voltage range 0-20 \%
Maximum power dissipation 5 W
Maximum current ~60 mA
Switching frequency 68-290 kHz
Size
Core area ‘ 0.312 ‘ mm?
Internal dimensionin
Ve io 1.25 \%
R- 10 MQ
R¢- 10 kO
C 63 pF
External dimensioning
R+ 309 kO
Re+ 309 Q
VreffVD 460 mV
L 340 pH

5.3 Results and discussion

Preliminary tests were performed on a produced prototype with a ceramic
dual-in-line package (DIP) and a dedicated breadboard. The schematic of the
designed testing board is reported in Fig. 82. Components highlighted in red
represent the integrated circuit under evaluation, while black components are
discrete elements mounted on board. Dedicated test point (marked TP in picture)
was included in final layout of the test-chip in order to easily monitor internal
nodes, for both low-impedance nodes (e.g. comparator outputs) and high
impedance nodes (e.g. bandgap voltage reference). Specifically for high-
impedance nodes, specific buffers were added on board by mean of Analog®
ADB823 operation amplifiers (Bi, B2, Bs), in order to avoid any disruption of the
monitored signals. Considering the output load, a 1 mF capacitor is adopted,
combined with an optional Zener Diode in order to limit maximum output
voltage so preventing accidental breakdowns.

Concerning inductor L and feedback resistances R1 and R2, two sets of
values was used, specifically 470 uH, 309 Q, 309 kQ and 10 mH, 6.2 kQ, 6.2 MQ.
With these two sets, the maximum current inside the inductor is kept constant,
while switching frequency is reduced of an approximated factor 20.
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Fig. 82 Schematic overview of the testing board for the proposed solution of a boost DC/DC
converter with embedded detection of degradation level

A first analysis was performed on critical elements of the system, more
precisely on modules which are connected to high voltage nodes (> 5V), which
requires dedicated structures as described in section 5.2.4.

High voltage comparators Compzcs and Compsoosr (namely Cp1 and Cyz in
Fig. 82) was tested by directly applying different voltages on their input pins
which are accessible through dedicated test points. Measured results are
presented in Fig. 83.
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Fig. 83 Waveforms of tested high-voltage comparator. Respectively: supply voltage and comparator
negative input (green), output voltage of DC/DC converter and comparator positive input (red),
comparator output (blue)
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Referring to Fig. 83, tested circuit is Compsoost described in 5.2.4. The green
signal is the supply voltage which is also the negative input of the comparator,
the red signal is output voltage of the DC/DC converter which is also the
positive input of the comparator, while the blue line is the output of comparator.
The circuit properly detects the voltage crossing between the two inputs, as soon
as output voltage rises above supply voltage which is set to 9 V. Moreover, a
hysteresis of about 500 mV can be noted, which was purposely added in the
design through an additional feedback circuit applied to the comparator, in
order to avoid possible ringing of comparator signal since output voltage has
typically low slew-rates.

Specific tests were performed on the bandgap voltage reference described in
section 5.2.6. The generated reference voltage versus input voltage is presented
in Fig. 84.
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Fig. 84 Waveforms of tested bandgap voltage reference. Respectively: supply voltage (blue), voltage
reference output (green)

Referring to Fig. 84, the blue signal is the power supply, while the green
signal is the bandgap output. Supply voltage is dynamically varied from 3 to 7
Volt, while bandgap voltage is proved to keep a constant value of 1.05 Volt as
expected, in line with schematic simulations. Correct behavior from 7 Volt to 12
Volt power supply was verified as well.

After a preliminary analysis of specific sub-circuits, the overall functionality
of the DC/DC converter with degradation detection capability was tested.
Referring to architecture described in Fig. 68 and Fig. 82, integration and
sampling procedures are verified using a 470 pH inductor and two resistors of
390 Q and 309 kQ for respectively R1 and R2. Measured waveforms are presented
in Fig. 85.
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Fig. 85 Waveforms of tested monitoring circuit for degradation detection. Respectively: bandgap
voltage reference (green), integration circuit output (red), drain voltage of monitored LDMOS
(blue), sampled value of monitored LDMOS drain voltage (pink) to be compared with predefined
reference

Referring to Fig. 85, the blue signal is the drain voltage of power MOS, the
pink signal is the sampled value of the drain voltage of power MOS, which is
used to detect degradation, the red signal is the integrator output while the green
line is bandgap reference.

As expected, the integration signal linearly increases till it reaches a
predefined threshold, which is generated through the internal bandgap
reference. In this phase an increasing current is flowing inside the power MOS
so that its drain voltage linearly increases due to its intrinsic on-resistance. At the
same time, the sampling value follows the drain voltage value. When integration
signal is equal to bandgap reference, a known current is flowing in the power
MOS (about 50 mA in this test case), and power MOS is switched off.
Simultaneously, the value of its drain voltage is correctly sampled and held and
is available for evaluation. With the adopted values of external resistances and
inductor, a switching frequency of about 65 kHz is obtained with a power supply
of 3 Volt, while output voltage clamped at 5.6 Volt by Zener diode.

Waveforms related to control signals using a 10 mH inductor and two
resistors of 6.2 kQ and 6.2 MQ for respectively R1 and R2 are shown in Fig. 86.
Blue signal is drain voltage of power MOS, green signal is the output of zero
crossing comparator (Compzcs in Fig. 73, Cp1 in Fig. 82) and red signal is the
output of integration comparator (C; in Fig. 68, C,1 in Fig. 82).

As expected, the ON phase during which the inductor is charged starts
exactly when comparator Cp; (green) rises to logic value one, this meaning that
current inside inductor is approximately zero. On the contrary, ON phase ends
when comparator Ca1 (red) is asserted, this meaning that desired current is
actually flowing inside power MOS. Referring to Fig. 85, this happens as soon as
integration signal reaches the bandgap reference value. In this case, a switching
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frequency of about 2 kHz is obtained with a power supply of 3 Volt, while output
voltage clamped at 5.6 Volt by Zener diode.

Additional tests were performed with different input and output voltages,
including supply voltages up to 8 Volt, and output voltages up to 20 Volt
(without Zener diode)
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Fig. 86 Waveforms of control signals of proposed DC/DC converter. Respectively: drain voltage of
monitored LDMOS (blue), output of ZCS comparator (green), output of integrator comparator
(red)

In summary, dedicated tests were performed on specific elements of design
and on overall behavior of DC/DC converter, along with circuits for degradation
monitoring. Measured results are mainly compliant with simulated ones, and
expected functioning was verified.

More precisely, measurements performed on single blocks of design are in
line with simulated results, especially for what concerns the bandgap voltage
reference and the digital control. Referring to high voltage regulators, an
unexpected delay in high-to-low transition is observed, which can impact on the
maximum switching frequency of the converter. Nevertheless, the transition
sensed by the digital block to drive the switching activity is the low-to-high
transition, which on the contrary has a correct timing. As a consequence, main
functionality of DC/DC converter and degradation monitoring is not
substantially affected by this delay.

Besides targeted tests on single sub-blocks, the overall functionality of
prototype was verified. Normal operation was tested with two different subsets
of values of external passive components, verifying correct operation at different
switching frequencies. Moreover, the architecture proposed for sensing the
degradation level of power MOS was validated too. DC/DC converter is
properly instructed to switch the MOS at a predefined level of flowing current,
by comparing the output of the embedded integrator with a reference value. On
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the other hand, sampling circuit is proved to hold the actual value of the drain
voltage of power MOS in the correct time window, so that it can be compared
with a reference value in order to evaluate the degradation by mean of the
variation of its on-resistance. Finally, all tests was performed at different input
voltages, ranging from 3 to 12 Volt, in order to verify the design of the high
voltage modules.
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Chapter 6
Conclusions

With the evolving of new scenarios in the development of Internet of Things
(IoT) nodes, new needs are emerging in the field of power management
architectures, especially for what concerns lifetime, durability and robustness.
High-efficiency converters are necessary in order to effectively extract power
from different energy sources, which can be either harvesting sources (e.g. RF,
photovoltaic, thermoelectric, etc.) or storage elements (e.g. electrochemical cells
etc.) so improving system lifetime. Equally important, developing dedicated
circuits which are able to overcome durability issues associated with specific
sources is another key aspect to be investigated. For example, electrochemical
cells suffer from high impulsive discharging profiles, which are commonly
generated in switching DC/DC converters. Differently, if degrading conditions
cannot be avoided, monitor techniques can be successfully adopted, in order to
provide a suitable information about the state of health of the system, which can
be potentially used to compensate the effects of degradations.

This thesis aimed at studying these different aspects of lifetime, durability
and robustness in IoT power management, and to provide specific solutions in
this field of research.

As a first contribution, three different integrated converters are proposed,
implementing a unique idea with different architectures. The objective of this
work was to design a DC/DC converter with enhanced reliability for battery-
supplied systems. Current researches show how highly impulsive current
discharge profiles can be detrimental to the end-of-life of electrochemical cells,
being such profiles typical of common switching converters. In the presented
solution, with the introduction of a decoupling stage between the input source
(i.e. the battery) and the actual switching stage, the profile of the current drawn
from the battery is effectively regulated, so that a constant, flat value is always
required without any peak, with an improvement of the battery lifetime. In a first
implementation, a programmable current regulation is designed, in order to
provide a flexible solution able to adapt to different levels of power requirements
from the connected load. In a second implementation, a more efficient solution
is proposed, with same current shaping capability but featuring a stepwise
energy transfer between the decoupling stage and the output load. Thanks to this
stepwise implementation, a higher transfer efficiency can be obtained, following
the concept of adiabatic capacitor charging. A third solution is presented, which
implements the same architecture in an ultra-low power scenario, with specific
circuit solution, like for example dynamic biasing, in order to obtain a quiescent
current consumption below one microampere. All three solution were designed
and physically implemented, and preliminary tests proves the correct
functionality of the proposed architecture.
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Concerning high-performing IoT nodes, an advanced solution is presented
of a fully autonomous node with radio-frequency (RF) energy harvesting and
standard communication protocol. An innovative adaptive power management
section was designed, able to constantly monitor the amount of energy actually
available and to dynamically change the behavior of the node (i.e. data-rate,
sleep policy of microcontroller, etc.), in order to obtain high operative ranges
while always providing the best feasible data-rate. Solution was proven to
operate at up to 17 meters and adaptive mechanism was successfully tested.

In the field of monitoring circuits for lifetime and durability of IoT systems,
a first contribution regards the development of a specific algorithm for detecting
the efficiency of a maximum-power-point-tracking (MPPT) in indoor
photovoltaic applications. In this scenario, fractional-open-circuit-voltage
(FOCV) mechanism is commonly used to implement MPPT, relying on the idea
that maximum power point is a precise fraction of the open circuit voltage of the
panel. The proposed algorithm is able to reconstruct the actual characteristics of
the panel by means of the signal already available within the normal operation
of the DC/DC converter, and to detect if the MPPT mechanism is either working
properly or has degraded for any reason, and to report this information to the
user

A further solution is presented of a reliability-aware DC/DC converter
architecture, which is capable to monitor the actual state of health of power
switches, which are commonly subject to various aging effects and in particular
to hot-carrier degradation (HCD). The principal side effect that can be observed
due to this kind of degradation is the increasing of the on-resistance of the power
switches over time. In the proposed architecture, additional circuits are provided
which constantly monitor the on-resistance during normal operations in a
runtime scenario, without affecting the performances of the DC/DC converter.
Thanks to this information, compensatory action may also be taken into account
in order to counterbalance the augmented power losses due to the increased
resistance.

The proposed work opens several perspectives in the research field of power
management for IoT applications. Concepts like autonomous harvested nodes,
adaptive systems, maintenance-free devices, have just become a consolidated
reality in the world of electronics, while new challenges concern the
improvement of lifetime, durability and robustness of such systems. The
emerging aspect of this research is that a successful approach is to combine on
one hand dedicated architectures to enhance durability of specific elements of
IoT systems (e.g. batteries, DC/DC converters, etc.), and on the other hand to
improve overall efficiency, which is always a crucial point especially with regard
to harvesting systems. Designing solutions able to achieve both those goals is a
promising research field which has been investigated in this thesis and which
offers interesting prospects for future works.
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