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Abstract

With the increasing interestint he het erogeneoimsmewdr | d of
Things6 (1 0oT), new compelling challenges ari se
especially concerning the development of innovative power managem ent
solutions in both integrated and discrete systems. This real technological
revolution establishes its foundations in the dissemination and exploitation of
distributed 10T smart nodes, with diversified sensing and actuation capabilities.
Being this diff usion a consolidated reality nowadays, emerging needs like
lifetime, durability and robustness are becomingthe new watchwords in the
research field relating to such systems Despite the wide range of different
perspective and applications which can be asciated in the scope of 0T, 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 placesis a
crucial point in this scenario. Moreover, the development of autonomous nodes
which are substantially maintenance free, and which therefore can beplaced 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 ens ure high performances to 10T 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 souces,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 robustnessof 0T devices,
especially related to aging mechanisms which are peculiar in power
management and power conversion circuits, like for example battery wear
during usage orhot-carrier degradation (HCD) in power MOSFETs. Developing
new architectures aiming at limit ing the condition s 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 rob ustness, and with the
best available datarate.

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 MOSFETSs 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 (loT) is an innovative technology in which a large number
of electronic devices are connected togetherthrough different communica tion
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 orde r to tackle
complex management problems where multiple aspects effectively contribute to
the identification of the best solution. In a typical 10T 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 techni ques, usually implying the use of wireless
transceiver operating with different hardware/software protocols, accordingly
to desired distance, datarate, kind of information, and so on. Inside the
elaboration center, this large volume of data, both structur ed 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 (loT) technologgcenario(Source: https://www.sixcommagroup.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 fordog@ourceiHS technology IoT platforms: enabling
the Internet of Thing® 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, 10T nodes are often expected to operate in wireless mock while installed in
unreachable and harsh locations, so specific aspects aiming atensuring stable
behavior over time are increasingly discussed. As a consequence, oncepts like
lifetime, durability, robu stness are becoming the new watchwords in the
research field related to 0T systems.

1.1 IoT devices and applications: a heterogeneous world

Recent market researches show an interesting picture of the global share &
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 aswearable sensors,smart tags for fitness,
work aids, health monitoring , home managementand others.
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The heterogeneity of such devices can be relatedto a wide range of differ ent
aspects, specificallyfor what concerns:

1 The kind of acquired data o environmental / healthcare /

localization /stat i st i cal [ &
1 The communication protocol 9 wireless / wired / Internet compatible /
custom protocol [/ é

1 The implementation approach 8 discrete components / fully integrated /
mi xed solutions [ &
1 The power supply 9 main network / battery / batter y-less /
autonomoushar vesting [/ &

This diversification introduces new challenges in the design of loT 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 10T device the core section is represented by some sensing or
monitoring elements which are controlled by a ma nagement module o
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 10T 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:

9 Harvesting transducers output voltages can berelatively 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].

1 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 .

1 Renewable sources are by their natue 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, 14Within this scope new solutions must
be provided to face power management issues, especially relatel to amount of
available energy extracted from renewable sources. In fact in typical IoT

4



applications common renewable energy sources, e.g. radicfrequency or indoor
photo-voltaic harvesting, can provide an amount of energy in the order of
hundreds of micr owatts, far away the value required by the node to correctly
operate. This discrepancy leads to the following considerations:

1 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:

U 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.

U 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 o and it obviously increase during
recharge periods 8. Thus a regulation circuit may be necessary to
provide controlled voltages to the core circuitry of the node .

1 Energy harvested nodes often operates in discontinuous mode, i.e. they
combine a recharge phase, in which the rode 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:

U 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

U 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 robus tnessaspects in
loT power electronics

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

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



Due to these characteristics, he challenge we are facing today is to develop
such devices in a waythat 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:

1 The use of batteriesas power supplies forces to carefuly consider various
durability aspects related to the wear of the battery itself due to its particular
use and recharge rate[16, 17, 18]

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

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

1 Improving power con version 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).

1 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 converter s[19], so
dedicated solution should be investigated to tackle this issue.

1.4 Dealing with durability and robus tnessin a differentiate
way 8 A thesis overview

In this thesis the previously mentioned aspects related to durability and
robustness requirements for power management in 10T applications have been
studied and analyzed, bringing to the development of various solutions
following two main parallel paths:

1 Hardware solutions

a Minimize batteries degradation by develo ping innovative power
conversion and management circuits with improved discharge
current profiles and enhanced efficiency.
Detect and estimate specific hot carrierdegradatiorievel through on -
the-fly measurement techniques applied to advanced power
converters with reliability -aware architecture.

n



1 System level solutions

a

n

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 eachspecific durability and
robustness aspeds are discussed in thisthesis, and both hardware and software
solutions are presented according to the following outline :

Issues related to the use of batteries as power sources

0

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

0

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

0

An advanced system solution is presented in order to obtain a
runtime estimatio n 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 toHot Carrier Degradatioreffects in DC/ DC power converters

0

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 10T 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 10T 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 o n 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 pover management scenario in 1oT applications

Thesecircuits are generally referred asDC/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:

1 Boost converters: from lower input voltages to regulated output voltage

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

1 Buck-Boostconverters: from any higher or lower input voltages to regulated
output voltage .

==



From an architectural point instead DC/DC converters can be further

classified as:

Switching DC/DC converters: based onthe transfer of a controlled amount

of energy from sour ce 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.

1 Charge pumps: based on the dynamic connedion 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 usel to implement boost converters.
1 Low dropout regulato rs (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 impleme ntations 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 buckboost structure, reported in
Fig. 7, its behavior can be described as a continuous sequence of atON phase
followed by an OFF phaseThe two phases are regulated by the alternating
activation of MOSs A, D and B, C, which are used as electronicswitches.

Althou gh 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.Asa matter of fact, each switch connected to the inductor

prov ides 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_;[?

Fig. 7 General purpose implementation of a bbokst DC/DC converter

I|H Loap H

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

(1) (0] g 00 O

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

00 O 0 YO

(i) 1'% = =

Durin g the OFF phasgA 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

10



current inside inductor return s to its initial value at the end of the OFF phasg
after Torrtime:

0 Y0
v (i
w

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

YUY Y Yy - 'yYoon'y “Yop © (iv)

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

W 0
) p O (v)

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

YUY Y Y (vi)
where TipLe is the time between the end of the OFF phas@and the beginning

of the subsequent ON phase Differently from the continuous mode, the output
voltage Vsroracedepends on different factors:

W W 0 "Y
[0 c00

(vii)

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

A A

IS discontinuous mode continuous mode
Dyax Dyax
ETO:\'E Tcrrg T.; '[F
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
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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/ike photovoltaic
panels, they present a non-linear characteristic in their current / voltage
function, i.e. they do not have a pure resistive response. For thesereasors, 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:

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

1 Static MPPT algorithms: Fradional Open Circuit Voltage In this case the
maximum point is approximated on the basisof 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 rechargeablebatteries 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 profil es[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 dlon batery EndOf-Life with respect to impulsive discharge current
profiles £. Savoye, P. Venet, M. Millet and J. Groot, "Impact of Periodic Current Pulses-on Li
lon 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 Imms/Imean Which is an indicator of the
value of pulses; keeping the average dischage current constant, then the higher
are discharge peaks the fastests the loss of storagecapacity 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 Oh md& s . Difierent 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 limit ing 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 batt ery current in order to limit
its value. Resulting waveforms show th at 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 thatcurrent 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 damping 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 6 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 peaksrequired
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 presentedin Fig. 10, where the intermediate decoupling stage and
the main DC/DC circuit are pointed ou t. 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 corglegontrol of required
current profile

The purpose of the decoupling stage is to introduce a current limiter | limiter
in association with a buffer capacitor Cpui. The source,i.e. the battery, simply
supplies this intermediate stage with a controlled cur rent and almost constant
current, which can be considered safe from the point of view of battery
degradation, and linearly charges the buffer capacitor, while th e capacitor itself
acts as the mainenergy source for the DC/DC converter and therefore provide s
the required peaks to the converter. Theresult is that a constantregulated 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, awidely adopted R -C model of a lithium -ion cell was implemented
[42, 43] which is shown in Fig. 11.

R=245mQ R=3.785Q

- C = 400 uF
OF =

Fig. 11 Adopted battery model to simulate supply source

V+

V-

Values of parasitic elements were derived from the datasheet of a
commercial NiIMH 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 matlat®/symul ink®
modules. In future works, t he 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
somekinds of thin -film cells [45]. In this case, the parasiticresistanceintrinsically
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 isdirectly
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 apercentage of battery voltage and/pat

ON phase

Once buffer voltage reachesand/bar, 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 pedefined
low level threshold which in tur n can be defined as a fraction of battery
voltage o, &/var. 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, a ccording to the formula:

5 o
Ps o | Pyo  w o | (viil)
C C L

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

wo | OE{E):"() — w0 Mb_éb&'l'c')l— (ix)
Mmoo ¢ |

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

On the other hand, if we consider a real resistive path R between the
buffer capacitor and the inductor, and introducing following parameters:
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equations (viii ) and (ix) must be updated as follows:
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which cannot be solved analytically for t, sothat a definite algebraic form

cannot be found for Iwax 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 :

E
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¢) OFF phase
Once ON phasds ended, energy stored inside inductor is transferred to the
output load, by configuring switches A, D OFF andB, 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 batteryrecharges 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&/barx then the converter immediately
switches to the ON phase otherwise it waits in Recharge phasi#l 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 phasd¢ime can be evaluated with:

(xiii) R

The resulting wav eforms 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 driv es 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 betw een
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 temporar ily 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 impr ove conversion efficiency.
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Fig. 12 Waveforns of respectively: Buffer capacitor voltage, Current drawn from battery, Current
flowing inside inductor element, current provided to output Idadhe proposed DC/DC solution

2.2.3 Control sigals

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 i s shown in Fig. 13.

1 Comparator TH is connected to the buffer capacitor and has a hysteretic
behavior between and/barand 0.d/var. It generates a control signal which goes
high when buffer voltage exceeds on&/war and returns low when buffer
voltage falls behind 0. &/pat

1 Comparator ZCS monitors the voltage drop across switch C. During OFF
phasea 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¢he 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 phasenust be terminated.

LOAD
0y COMP COmMP COmP
TH " 2Cs EN
= < Z
5
DIGITALCONTROL ¢
— D

Fig. 13Block diagram afontrol signals required to manage DC/DC switching periods in proposed
solution

9 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 Rechargehases. 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 Vin 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 comparis on circuits is presented in this section.

Comph

Comprn is a typical cross-coupled cross-gate architecture with hysteresis,
depicted in Fig. 14. Bias current is 60 nA, with a resulting qui escent 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 an and a.. 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

|b|as

When threshold signal TH is low, an&/pat is used as comparison signal for
Vutt. AS so0Nn asVyui exceeds the value ofand/bar, TH goes high and comparison
signal is set to 0. &/par thanks to multiplexer MUX . As a consequence,TH signal
remains high till V. drops below 0. &/var. 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 th e specific application. In
fact, as explained in section2.2.2 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

VBA'I'I'

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 anount 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.

VBA'I'I'
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V+

T
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- |
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Fig. 16 Schematic of a second compararchitecture for zeroross detection (a) and specific
application for monitoringend of OFF phase in proposed architecture

With reference to Compzcs, Fig. 16 (a), a proportional current is forced to
flow throu gh 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 V4 to a low
value, and Vour is consequently high. On the contrary, if V+ is higher than V-, a
lower current is allo wed in br,, and force Vqto rise to a value closer to Vearr. 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
guiescent 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 Compry 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 Crossconduction 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 sectionl.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, aergy stored inside inductor in each cycle is always

(0] P 00 (xiv)
C

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

1 During the commutation between OFF and ON phase switch D is closed
before B is opened or switch A is closed beforeC is opened.

9 During the commutation between ON and OFF phase: switch B is closed
before D is opened or switch Cis 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 wit h 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 phasesMore precisely, A and D
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are always ON together (during ON phaséand always OFF together (during OFF
phasg Conversely, B and C are always ON together (during OFF phasgand
always OFF together (during ON phaség. 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 Cand 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 asA-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 connectA-C to
the same signal then ore 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 signalA-C and B-
D and insert a proper delay in each of them in order to avoid c ross-conduction.
If we consider signal A-C (the same approach can be used forB-D), then it is true
that:

1 If Ais low (switched on) converter is in ON phaseand therefore C should be
delayed compared to A.

1 If Ais high (switched off) converter is in OFF phaseand 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 circtiito introduce specific delays in control signals of DC/DC converter in
order to avoid crossonduction 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 directl y 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 therebre 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 018/ battand 01L&/ baw, @s 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

) | | 0 (xv)
C

while resulting eff iciency can be estimated as:

- = ; (xvi)

It is clear that the higher these thresholds are, the higher is the resulting
efficiency. Nevertheless, it is not suitable to choosethe high threshold too close
to Vearr Since it would imply the development of a comparator wit h 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 aq 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:

- -7 & (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 10T applications already introduced in
section 1.1 More in detail three solutions have been implemented:

1 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.

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

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

Although these different solution shave 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 curren t 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 MOSFETsM1 and M2, is a simple mirror, w hose
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 dimensione d accordingly.

Vearr
Simple; i
Mirror:, x3
x8
]
100 nA x38
X114y
/@%’ M4-7 “Programmable Feedback-
4 - =j= “1° Mirror Compensated

Mirror

Fig. 19 Block diagram of the proposed structure of the current limiting stage based onde @dsca
current mirrors

The second stage is a programmable mirror composed byM3 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 throu gh two dedicated input signals.

Finally, an output stage is designed, implementing a feedback-compensated
current mirror with an x330 ratio ( M8, M9, and MQ). 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 MO and M9. The resulting circuit acts like a single
current mirror with four programmable output currents of 396 YA, 1.056 mA,
5.016 mA or 15048 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:

0 0 0 0
P P p
oomMmoo oo

(xviii)

JO0 e M8t 130
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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 overdl 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.

/
ILIM

-341.8 pAd
-410.7 pid
-488.5 AT

196.51 ps 553.23 ps 803.24 s Time

Fig. 20 Simulation results ofhe 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 pre sented 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:

Tablel Dimensioning of the test sa used to obtain current waveforms of proposed DC/DC
converter

Parameter Value Unit
VeaTT 2.8 Vv
Vour 2.45 V

OH 98 %
oL 92 %
Ton 3.51 US
Imax 87 mA
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Fig. 21 Simulated waveforms of respectively: current inside the externaiciod (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.

750 4 3.0
M4 208770513:1“ 267468011V
Switch B = MY 208.7723077us 2440851491V 5%
500 - Control sig.
i 2.0
Switch D
M2: 208.7683706us 25.10095729mA H
250 - o Control sig. S,
( = F1s
H s
= < =
R AN N
00 sl \ / A g
\ /
\ / \
i) Output current T
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time (us)

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 predomina nt 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 substantialy insignificant when
compared to the amount of energy transferred per cycle, as observed inFig. 22.

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

2.3.2  Physical implementation

Entire design has been developed ina 180 nmBCD 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 de scribed modules, some complementary
circuits are designed for service purposes.

Digital
Shutdown control
circuit ‘ .
AW} Drivers and
Il 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:

M Drivers
a Digital signals are both 1.8 V and 5 V due to compatibility issues
with external world, so dedicated | evel shifters must be included.
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n

n

Output switch MOS B is connected to a load which may have a
voltage level higher than battery supply , so itscontrol 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 design is 2.0 V8 6.2V, in order to match
specifics of common commercial batteries. Since operative rangeof
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 sign als, like for example for control signals of switch
drivers to avoid cross-conduction (Fig. 17).

1 References

a

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

1 Shutdown circuits
a Additiona | 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 ym

Propesed
solution

650 um

350 ym

Fig. 24 Prototype of thpower management IC including the proposeliition

Finally, in Table 2 a summary of principal features of the implemented
design is presented.

31



Table2 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 ‘ z‘l WA
- Limiter | DC/DC 95 | 89
Efficiency Overall 85 %
ThreshaolAds (A 92-98 | % of Vgar
Area 0.2275 | mm?2
Switch A (WI/L) 14/0.6 mm/pum
Switch B (WI/L) 14/0.6 mm/pum
Switch C (WI/L) 7/0.43 mm/pm
Switch D (WI/L) 6/0.6 mm/pm
External components
Caurr 1 uF
L 100 pH

2.4 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 cir cuit is shown in Fig. 19, and basically consists
of a feedback architecture with a sense resistor and a control RMOS 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

F

g. 25 Block diagram othe 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 Rsenseis 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 stagesrequires the duplication of a
scaled current in each stage.Such lower static currents in the order of few
hundreds of nhanoamperes 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 resp onses of20 mV/us for output loads of 500 pF.

2.4.1 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

Fig. 26 Differential stage of the proposed operational amplifier
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Main differential p air if formed by BJT 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:

: LY QY o .
(xix) w wfﬂm ?dt p Ut ®a oMb

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, Rsense has a temperature dependence too, according to its
Temperature Coefficient of Resistafaeppm/°C), so that the resulting limited
current can be expressed with the following formula:

@ QY ¢t
Y 150) “Yip Tt p Y |pm

(xx) 0

being Rsense_nomthe nominal value of Rsenseat Tnom (typically 300 °K). If the
Temperature Coefficient of Resistanaeis equal to Tnon 2806, then resistor RsensdS
in first approximation proportional to absolute temperature (PTAT) , and as a
consequence the limited current I;m is no longer dependent on temperature, as
expressed in:
o 9 & W AR o gy
' - )

(xi) oY YO oY

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 Vorrse7400 pA = 18 mv/400 uA=45 Y
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 gn of M1, while polarization current is
provided by X. The combination of J, &k and X 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 convert er, and as a consequencethe 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,
J, X), which copies the bias current to the common emitter stage, while a
bootstrap capacitor Csoorstrar is added which connects the common base node
and the fast-moving output node. As output node rapidly goes down, the
bootstrap capacitor forces ahigher Vge 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 Ccowp is included for stability purpose s.
Results and dimensioning of passive elements used for dynamic polarization
and compensation are reported in Table 3.

Table3 Dimensioning of the dynamic biasing architecture for the proposed solution of a current
limiter based on operational anijgr feedback and sense resistor

Parameter Value Unit
CBoOTSTRAP 20 pF
CcoMPENSATION 150 fF
R 1 MY
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 architecturewith degeneration resistor R1[51]. The
insertion of B1and B2 as bootstrap devices is necessary to guarantee the correct
switching on of the bandgap after power on.

VBATF

Fig. 28 Bandgap reference voltage circuit of propagetational 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/poc node of about
30 mv/u s 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 oftransition mainly due to commutation of the
digital logic, especially with reference to driv ing elements of the power
MOSFETSs. A slow variation of regulated current duri ng commutation is in any
case acceptable since it doesndt introduce
source, while the final peak is anyhow negligible with respect to the ones
required by the DC/D C stage and it can be potentially reduced by using proper
filter capacitors. The capacitance associated to the gate of MOSP 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 adn the previous solution and therefore for
related waveforms the reader can refer o Fig. 21 and Fig. 22
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Fig. 29 Simulated waveformf respectivig: output voltage (red), regulated current (blue) and
feedback control signal (green) for the proposed solution of a current limiter based on operational
amplifier feedback and sense resistor

2.4.3  Physical implementation

From an implementation point of view, i n 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 ofthe proposed DC/DC converter with current linaition 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 sdution are
reported in Table 4.

Table4 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 \%
Quiescent Current ‘ O’.8 pA
- Limiter DC/DC 95 | 94

Efficiency Overall 89 %
Threshao-lAds (A 92-98 | % of Vgar
Area 0.3454 | mm?2

2.5 Animproved efficiency by means of stepwise 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

38



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 quask
adiabatic capacitive charge[52], in which the ov erall 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 stepwhich 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 resistancesin 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 D@@@erter with stepwise
energy transfer

Each stepwise energy transfer has a shorter duration than a oneshot
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 phaselasts exactly the time needed to
discharge the buffer capacitance from and/pat to a.d/pait (SEE SeEction2.2.6), while
the OFF phasdasts exactly the time needed to nullify the current inside the
inductor. Differently , in this case, as sooras the high threshold is overcome, i.e.
when the TH signal is asserted, the stepwise transfer is started, and a precise
sequence ofON-OFF phasess performed, each regulated by the frequency of the
external clock.

Always referring to Fig. 31, anew signal IMS (I max switch) is added, which
is necessary to trigger the changeover between arON and OFF phasgand which
is generated from the clock signal, as explained in section2.5.1 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 phaseregulates accordingly the maximum current flowing
through the inductor.

The use of a gaerated 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 phaséds 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 valu e in advance, as shown in graph of Fig. 32

I
LMIN |oooome fom Nl e

0

OFF
ZCS ] ;

/ \ time
Comparator  Zero-cross Missed
initialization  detection transaction

Fig. 32 Timing issue indetecting zer@urrent condition for proposed DC/DC converter with
stepwise energy transfer

2.5.1 Maximum current signal (IMS) generation

For this reason IMS signal is introduced, which is generated as following:
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1 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 phaseafter DC/DC activation has a
length of at least half clock period.

1 After TH goes down, the current energy transfer is completed, that means
that the ON phase is in any case ended by thelMS 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 T c.«, energy losses due to resistive
paths can be estimated as:

KO) ;
0 YIO X0 'YOTQ‘) X6 YO g"Y (xxii)

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

o vE o P IY 0
; - (xxiii)
o v & 20 0% oy 0
The resulting improvement in efficiency is
, 0
o © ° T P (Xxiv)
_ 5 5 - p - Op 5

basically proportional to the inverse of the square root of the number of steps. In
Fig. 33a 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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Estimated efficiency improvement with step-wise energy
transfer
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Fig. 33 Analytic graph of the efficiency improvement doestepwise 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(pA)/400(pA) = 0.12%

A\ A [\ A A \
N A AN AVARAVAWAVAWAVAWAFTAVAVAWAWAY SN
g O Y et
=
v Clock @ 125 kHz
§ L =] L L ] L ] LN
200 ps 280 pis 360 s t

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/DCrocerter with stepwise energy transfer

Fig. 34 depicts simulated current waveforms for inductor and output
capacitance, showing a 17step transfer with a maximum value | uax of about 130
mA lasting 17 clock periods (Tcik) at 125 kHz. Simulation results, with Cpui = 20
MF, L =100 pH and foix = 125 kHz are shown in Table 5.
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Table5 Electrical characteristics of the proposed DC/DC architecture stépwse energy

transfer

Parameter Value Unit

Input Voltage Range 2.06.2 \%

Quiescent Current 4 MA

. Limiter | DC/DC 93 | 92 .
Efficiency Overall 86 %

ThreshaolAds (A 9397 % of Vpar

Area 0.2335 mm?2

For what concerns the implementation of current limiter m odule, drivers
and other components this architecture reuses the solution provided for the
adaptable limiter design (see section2.3).

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 = .
Ml Drivers and

_ references
Power DMOS _|

| i
switches - Decoupling

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 resistancesd in the order of few ohms
0 and inductances 9 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 signifcant
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 architecturevhich 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
Couit. As explained in section 2.2.2and described in Fig. 12, it has a sawtooth
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 converi o n adéaptable ligniter architectuée s o | Referring n
to block diagram ifrig. 13, respectivelybuffer capacitor voltage (ngedhreshold comparator signal
(purple) and drain voltage of MOS [green) Vin = 2 V; Vour = 2.77 V,; Cous = 53 pF; L = 100
MH; an = 97.775%,0. = 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 (Vin) is applied to this signal (Veurs), 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 Iym 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 pF
buffer capacitor is used with an input voltage V  of 2 V and an inductor of 100
MH. With these data, an actual ramp of Cout & an{o)Vin/l Lm = 610 us 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 vol tage 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 V and 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 increase s 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 voltag e
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 Cis 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) throu gh 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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Moreover, two different buffer capacitor C put Were used to obtain results of

Fig. 37 (a) and (b), being respectively 10 uF and 53 puF. As a consequence, peak
currents are different and ON phases have different duration. Considering
equations (xi), (x) and (xii ), anestimated duration for the ON phaséds 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 215mA (when using 55 pF) and 61 mA
(when using 10 uF). The interesting thing is the voltage drop on the buffer
capacitor, reasonably caused by its intrinsic resistance. Combining measured
valueswi t h analytic equations, val uels. 20fY 0. :
(when using 10 uF) 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® 34401Amultimeter 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 triangul ar characteristic, so a low-pass filter
was inserted in order to extract the average current, beingR= 10 Y =4a0n d
mF, and its value was then measured with an Agilent ® 34401A multimeter. With
an output voltage of 2.77 V, efficiencies found are respecively 57% (when using
55 pF) 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 canfirmed by measures. Efficiency results for different values
of input voltage, output voltage and buffer cap acitor are presented in Table 6.

2.6.2 Improved efficiency architecture

Further tests were performed on the improved efficiencgrchitecture 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 sam
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 phasehas a
duration o f at least one clock semiperiod & and at the end of the transfer phase
0 one complete ON-OFF phasés 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 phasestarts 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 phasethe 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 phaséhe 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%an be observed.
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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%. Compete results are shown in Table 6.

2.6.3 Ultra-low power architecture

Finally results related to the ultra-low power architecturare presented.
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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 r esults. 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® 34401A multimeter in series with voltage supply,
and it is also confirmed by the linear charge of buffer capacitor reported i n 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/O 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 completelist 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; aH
=97.775%0L = 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 th e multi-step solution with the reference

49



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.

Neverthel ess 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 effectivel y
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 2030 mA/ns, th en 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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Table6 Recap of performed measures of three proposed solutions of an advanced DC/DC
converte for improved battery durability

Vin Iin Vour lout Efficiency | Loss specific origin
(V) | (mA) M) (mA) (%)
adaptable limiter architecture
Cbuff =10 HF
5 1.373 4 1.190 69.3
5 1.373 4.5 1.060 69.5 Power dissipation on
5 1.373 4.7 1.013 69.3 unoptimized breadboard
5 1.373 5 0.937 68.2
High switches resistance
2 | 1.300| 2.770 0.585 62.3 | it lon cumoh valtace
Cbuff =55 HF
1.300 2.770 0.540 57.5 High switches resistance
- _ _ - due to low supply voltage
3 0.600 2.770 0.320 49.2 and high inductor current
) ) ) ) due to high Cpu
improved efficiency architecture
Coutt = 55 pF
High switches resistance
2 | 107 | 2770 | 0555 @ 125kHz| 718 | jioherienes sosarce
and high inductor current
2 | 1.07 | 2770 | 0.565@ 140kHz| 73.1 i
ultra-low power architectre
Choutt = 10 pF
5 0.405 5 0.265 65.4 Power dissipation on
2 0.650 2 0.460 70'7 unoptimized breadboard
High switches resistance
2 0.217 2.17 0.140 70.0 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 loT
applications has driven research into the scope of energy harvesting mechanisms
towards a more precise field of application. The combin ation 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 deve lopment 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 cas es
the power available from the environment i s in the order of microwatts [57] or
less.

In terms of robustness and durability two remarkable aspectscan be noted

1 The absence of the battery source infavor 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 bttleneck for the
reliability for entire system [16].

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

I Studying solutions with modular communication interfaces or
configurable digital control may be a n 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 technigues
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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]wi t h a 65% efficiency at 120
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
T Wo to 5 mW power management circuit is shown in [67]. The DC/DC
converter proposed achieves a peak onversion 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 adaptve solutions are
studied in [69], for a generalpurpose senor 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 5m
operative range. A similar approach is used in [65], with an accurate analysis of
harvest-and-use and harveststore-use sctemes. 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 datarate accomplished by
the MCU on the basis of complex monitoring of available energy. Although
standard communication protocols 6 e.g. DASH7 o may perform a
communication range up to 5 km, they are also widely used for indoor
applications and, in combination with RF harvest ing, 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], showinganoper ati ve range of 5 m Theiblodk
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 dsign of
autonomous RF harvesting nodes.
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Most relevant design aspects are:

1 Voltage levels involved in RF harvesting are relatively low, in the order of
200500 mV [57], so we need aggressive stepup and DC/DC converters in
order to rise these levels to acceptable one by the main circuitry of the node

I Storage elementsare required for different reasons. Since harvesting sources
are intrinsically discontinuous and energy requested from sensing and
communication modules is typically far highe r than energy provided by the
harvesting module and it also has usually an impulsive shape, then it is
necessaryto 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: B ig capacitors provides a more stable voltage source,
but on the other hand they requires larger areas and extended recharge
times; small capacitors are faster butrequire higher voltage levelsin order to
store the necessary enggy.

1 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 necessay to provide a suitable value to the electronics of
the node.

1 Specific modul es must be designed to detect theamount 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 ard 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 beconsidered, which are gaining increasing interest.
For example in the development of 10T 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 ultr a-low
power scenario. Another widespread approach is to fully integrate the 10T node
embedding for example sensing and localization capabilities [77], in order to
reduce quiescent currents associated to discete 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 10T 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 chan ge the behavior of the node (e.g. its datarate) 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 operatewith
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 m odule 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 .

3.2.1 loT standard communicatiorode 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 app roach, with the introduction
of

1 A custom energy transducer, namely a rectifying antenna & developed by a
parallel design team [57]0.

1 An existing nano-power DC/DC converter designed to operate down to 250
mVand 1[67]. W

I 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 4.

1 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 datarate 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.

RF field Power Electronics Field Embedded Systems Field
- Active |feedback v o
<7 for power Control lOOp l for data
~ >~ 7S
\L / Control C Radi
) n 4—»‘ adio
((peme Vs [ contror ||| signals r
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l 1 V DD
HARVESTING IC'“‘" - Sensor SENSING
\_ MODULE ) Gnd \_ NODE

Fig. 41 Block diagram of the architecture of the proposed loT node with feedback power
management

In Fig. 41the architecture of the case stuly is presented: two sub-systemsare
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 provid e
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 sup ervisors 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 desgnedin a0 . 32 T m CMOS rmoitechnalogyiaadc t r o n i
previously developed within the research team [67].

The overall architecture can be divided into two main blocks:
1 A start-up circuit, which allows for IC bootstr ap with RF input
sources typically providing low voltages .
1 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 ro ute power to the load or to a small
self-supply capacitor Ceony this achieves very fast activation times even in the
presence of large buffer capacitors at the load output port. When Ceony is
sufficiently charged, all power is routed to the load. Should Cgnvget excessively
discharged, all power is routed he re to replenish it before the integrated circuits
fails. A block diagram of the circui t module is reported i n Fig. 42.
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Fig. 42 Block dagram of the architecture of the DC/DC converter used in the power management
module of proposed 10T 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 Vi is required to keep it operating.
During the start -up phase, when the input voltage (i.e., the rectifying ant enna
output voltage) approaches 250 mV, the charge pump circuit starts working, and
the output voltage on the self-supply capacitor Cconv 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 volage reaches 0.6 V the starup 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 a nd 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, anisr us h current of about
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 correspo nding
supply voltages in Table 7. It is worth recalling that th ese values refer to the
voltage on the self-supply capacitor Vconw Another aspect worth consideration is
the high output resistance of the rectifying ant enna, which causes significant
voltage drops on its output node as the current increases.

Table7 Operative modes and related voltage ranges of the proposed DC/DC converter

Vet |0V-0.250V 0.250\-1.6V
V conv 0V-0.600V | 0.600\+1.36V >1.36V
ch DC/DC conver ter fully
. arge Charge pump functional
Switched pump .
mode - (fully 1 121nA quiescent current
off (limited . g .
- functional) T 935nW minimum input
efficiency)
power
11 71 Aushicarrent from
source needed to bootstrap
converter

In order to extract the maximum power from the source, the converter
adopts a FOCV MPPT technigue (see sectionl.5).
The input source is kept at 50% of the opencircuit voltage of the rectifying
antenna, which actually represents the maximum power transfer condition for
the system. Theopenc i r cuit voltage is sampled for 2
of the DC/DC converter. The buck -boost DC/DC converter operates in
discontinuous current conduction mode (see sectionl.5), andit 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 (Moc) wi t h a
series resistance. The output voltageVhaw 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 Vyan Will be limited to a few hundred mV as the worst case. A
10 MY 1 oad was ViwResuiscshosvdhattwben the open-circuit
voltage of the rectifying ant enna 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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75.00%
y=0.829566x - 2.757368x2 + 3.065296x - 0.436075

R*=0.998042

70.00%
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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 ultracompact 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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Fig. 44 Block diagram of the active module of the proposed IoT node
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Wireless communication is based on DASH7 [80], an open source Wireless
Sensor ard Actuator Network (WSAN) protocol; the microcontroller implements
OpenTag, a DASH7 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 communic ation models: pull and push [81]. The pull
model consists of a requestresponse mechanism initiated by the gateway; it uses
an advertising protocol for rapid ad -hoc node synchronization before sending an
addressed request to a node ad 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 messageor 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 messae 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 consmption of proposed solution when operating in STANDBNde

As it can be seenin 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 i s once more provided, the
node will perform a new start -up phase, data acquisition and message
transmission.

This phase is associated with a signiicant 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 (startup, 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 startup 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
currentconsumption is 3 T1TA. The node then wait
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 nodeds cu
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 powe supply is never switched -off.
As can be seen inFig. 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 standbymode, the charge consumption for each data
acquisition and message transmission is much less than in offmode, but a
current of 3 TA has to be guaranteed to ke
state.
The selection between oftmode 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 consumesless 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 I0T 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_Stait 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).

A\’ ]
rect i X—t >
RECT % pc/ope ha'”‘ -
I s,
Vour— I 1~
= “_ CONTROL CIRCUIT FOR OFF MODE
v . _ENABLES VDD IN THE RANGE 1.9V~ 2.3V

= CONTROL CIRCUIT FOR POLICY DETECTION . !
GENERATES SIGNALWHEN OUTPUT POWER FROM ANTENNA ;' CONTROL CIRCUIT FOR STAND-BY MODE ,
IS ENOUGH TO HANDLE STAND-BY MODE s . GENERATES START @ 2.0V g

Fig. 48 Adaptive power management architecture of proposed I0T node

The first factor to be analyzed is the buffer capacitance Cpur, 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 inTable 8, which
integrates the current absorbed by the node when switching into active mode
from each of the other two modes.

Table8 Power requests by proposed node in both-®BBEe and STANDBY_Mode

Mode Ch ar g e | Operating Voltage (V)
OFF 3196 2.301.9
STANDBY 145 ~2

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

Y 0'@i "WA0O op W@ N .
(xxv) Y VR B O X wnt&® Yya o
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where the voltage drop was chosen as a tradeoff 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 mFCpu,+ must be
considered.

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

1 The first one is the Control circuit for OFF mode .
This block has the task of monitoring the voltage across Cpui Capacitance
voltage and consequently to provide power supply to the sensing node only
when voltage is in the acceptable range (1.9 \82.3 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 sustén at least one complete data
transmission. Likewise, power supply is taken off as soon as Vpp drops
below 1.9 V, 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 lowpower volt age
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 MY and 500 kY. The
500 nA, mostly due to the NCP303 supervisor.

1 The second one is theControl 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

’o‘QoleYouOoupT o)
YO UY'Yd 6 06 @ X @ o0 p U @ (xxvi)
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so a threshold voltage of 1.9 V + &V
standby-mode, but a safer mar gi wasohbserRfor0O V
this condition.

A reset signal (Reset_Stajtfrom 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 micocontroller 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
switchandapull-up resistor of 2.4 MY. The tota
block is 400 nA, mostly due to the NCP303 supervisor.

9 The third one is the Control circuit for policy detection
This block has the task of correctly identifying the available power and
consequenty 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 powerbelow which it is
more efficient to completely swi tch-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 recifying
antenna and the power extracted by the DC/DC has been fully investigated ,
the leas power -consuming solution to evaluate available power is to simply
monitor the average voltage at the rectifying ant enna output. This value is
solely related to the extracted current through the efficiencies of the
interposed stages, andit 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 aspectof 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:

(xxvii) YO
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where QneedediS the charge lost during each transmission, lexractediS the current
provided by the DC/DC converter, Ignav is the quiescent current of the
harvesting module that is directly supplied by Vwuarv While 10nedeiS the quiescent
current of the rest of the system supplied by Vpp. These values differ between
the two operative mode s, and are summarized in Table 9.

TaHe 9 Recap of required charge ajquescent currents of proposed node in @féte and

STANDBY-Mode

OQnoeded | gharv (HA) | qnode(HA)
(LC) Control circuit Control circuit Control circuit Sensornode
OFFmode STANDBY-mode | Policy detection
05 switched -off switched -off switched -off
OFF 3196 ' switched -off
0.5
05 0.4 | 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 offmode nearly all the current from the power converter can
be used to recharge the buffer capacitance.

=—Minimum Data Rate
~=I threshold for mode
-++-Trans. Period threshold for mode
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— 8:24:00
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Fig. 49 Detailed graph of transmission data rates versus extracted currents of proposed node in
OFFMode (blue) and STANDBYode (red)

Thus, this last mode proves more suitable when the extracted current is
relatively low, whereas the standby -mode becomes morecost 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 Ighar, Which is always drawn from the DC/ DC converter (lavailable=
lextracted! 1Qhany). AS shown in the graphs, as the available current rises above 4.190
T A, s t-rmaodalbecpmes the best choice in terms of minimum data rates, and
the related threshold value is about 13 min.

With this assumpti on, 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 T A by monitor.i g
rectifying antenna output, and exper i ment al results show a
for Vrecris required to obtain such value.

Since the low-power voltage supervisor NCP303 has a threshold value of 2
V, adedicated low-power voltage amplifier with 2
added, composedof an LPV521opamp and two resistors
Mor eover, a simple RC filter was inserted
periodic fluctuations caused by the FOCV algorithm of the DC/DC converter,
which actually disconnect the rectifyingant enna f or about 4 e

cycles. The overall quiescent current of the block is 600 nA, as already reported
in Table 9.

3.2.5 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 compl iant with the
RFID standard [82], respectively 0.5 W ERP and 2.0 W ERP

A specific graph reporting the available power versus node di stance 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
instrume ntation.
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Fig. 50 Available power versus nodestince 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 threshol d val ues. The value of 1.373
which the system presented can be considered selfsustained, 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 ER P 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 boded, 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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Fig. 51 Detailed graph of startup and transmission tilésnalytical model

Analytic results show that the minimum transmission period is about 21 s,
corresponding to an extracted power of 26
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 TW (open circuit voltage 1.170 V),

Data rates

Fig. 52 shows the relationship between node distance, power extracted from
DC/DC and obtainable transmiss ion periods. Starting from distance (bottom
horizontal axis), the blue-dotted line represents extracted power when the source
is 0.5 W ERP, while thepink -dotted line is extracted power when the source is
2.0 W ERP. Once the available power is known, the dtainable 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 axistwo values
are underlined for both 0.5 W ERP and 2.0 W ERP transmitted. The first one
matches the intersection between the switchedoff region and the off-mode
region, which also represents the maximum operative distance. The second one
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matches the intersection between offmode and stanby-mode, and it represents
the distance at which it is convenient to switch between the two modes.

Transmission Period log(H:mm:ss)
0:00:11 0:00:21 0:00:42 0:01:24 0:02:49 0:05:37 0:11:15 0:22:30 0:45:00
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Fig. 52 Relationship between distanggwer extracted and obtainable data ratesnalytical
model

IruRN oFF

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

Tablel0 Recap of the maximum operative distances retatadailable input power / voltage and
associated with best obtainable data rate

Antenna | Extracted |[Transmission Distance (m)

Vo (V) |Power Period 05W 20W

ERP ERP

Switch-on 0.490 1.373 ° b 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 an d adaptive data rate. Fig. 53 (a) shows
waveforms of signals related to off-mode operation. Supply Vopp decreases as
expected from 2.3 V to 1.9 V over atime 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_Starsignal is activated instead of Reset_VDDat the end of transmission.

71



1 N 10 B ) G 10 G 5 ) 1) G 10 B ) G 10 1S
Voo 23V
Lev Voo 20V ! 208V
,v,.m',._ _E_N._ Node can be AL
NP EPDERN B 'swilcﬁedoﬂ\J . ST S B ::::;'::t:” :
RESET_Vpp Datarecanda i RESET_START ﬂ /
from gateway \
R DATA | U EEREEE. )
T2l ol@c@ o s|s]® 5 za0000ms ofa]p] 2{" 1T =l of@m@  Hl[ioom  s[o]® [007e0000ms afols] ([T 2T

(a) (b)

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-K6é&e (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.

L otcom. - O X
Connect COM3 - Baudrate | 115200 v Flow Ctrl | None -
Could not connect to COMO !
Connected teo com3 !
[11] [ LOG ] [ SYS_ON System on and Mpipe active]
[11 [ F8 10 ] [ 05 4E 4F 34 04 01 10 02 02 ]
[11 [ F8 10 ] [ 05 4E 4F 34 04 01 10 02 151
[11] [ F8 10 ] [ 05 4E 4F 34 04 01 11 02 OF ]
[11 [ F8 10 1 [ 05 4E 4F 4F 34 04 01 10 0z 0B 1
[ 1] [ F8 10 ] [\0;’424?44 4?34@0112 02 00 ]
Node
Node Payload
AddIess ) iress length
length ress leng Humidity
Temperature Data
. Data 0x0200 =512 %
Data packets received 0x0112 = 27.4 °C
from gateway
Print NDEF/OT v Clear Screen Start Logging...
Host M Client [

Fig. 54 Screenshot of data acquisition graphical interface with received data
Adaptive power management

Finally, power optimization circuits for policy sel ection were tested. In Fig.
55 control signals behavior can be observed with respect to DC/DC output
voltage Vuarv. Considering signals reported in Fig. 48, Vuary is initially below
the activation threshold of 2.3 V, so all other signals are disabled. As soon as

72



Vharv €xceeds 2.3 V, the node can be enabtl soVpp (= Vhary) 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 asVoc is kept above 1170 V in this stage
(seeTable 10). As RF sourceis switched off, the buffer voltage Vuarv begins to
decrease, and policy is immediately forced low. Then start signal goes low when
Vuarv falls below 2.0 V as expected, while supply voltage Vpp is disconnected
when Vuary goes below 1.9 V.

Tek [ . YR T

pp—
By START : :
X ; : : :
& S00my PO PO
& 500V € 500v 2005 7240 13:42:05

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 provaigicient 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 wor k 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 than ks to Maximum Power Point Tracking
(MPPT) algorithms.

Many MPPT techniques have been proposedin literature [84]. In high power
systems, such as outdoor PV panels, where DC/DC converter power
consumption contributio n is negligible, closed looped and computational
intensive MPPT algorithms are used because of the significantly lower impact on
extracted power. Differently, i n low-power applications, such as those based on
indoor PV panels or thermoelectric modu les, DC/ DC converters with open -loop
MPPT techniques such as Fractional OpenCircuit Voltage (FOCV) are usually
preferred [85] as a generally accepted tradeoff. 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 depen dent 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
elementswhi ch 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 th e real maximum power point of the
panel and compare it with the a ctual working point of the converter. Moreover ,
it wo uld 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 t he difference between the target maximum power point
and the actual one it is possible to estimatethe state of health of the MPPT circuit
and eventually correct or compensate possible malfunctions.
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4.1 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 volt ages 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 (@) 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
T W/ c §9R]. 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 il luminance 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 T EGs,
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# and |V curves. Voltage Mpp and current lpp

As a consequence, established that in FVOC technigques the operating

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

(xxviii ) ©  Qw

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 inscale, of voltage (top) and current (bottom) waveforms at the transducer
output of the harvesting system based on the FOMI®RPT technique
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4.1.1 System Implementation

In order to design a system based on indoor PV cells and an FOCVMPPT
technique, a developer neads to set the k factor according to the panel
characteristics. Two voltage values are needed: the value in opencircuit (Voc)
and in maximum power transfer ( Vwvpp) Operating points at the same illuminance
level. If not available from the transducer datasheet, Voc can easily be measured
by disconnecting the panel, while Vwpr 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 = Vupp /
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 conditio ns. As discussed in section4.1, in indoor applications, the
temperature dependence can be ignored sincethe 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 andspecific equipment is required for full panel
characterization on site.

To overcome the problem, analytic-based MPPT techniquesare proposed:
from experimental measurement of Voc and short-circuit current (lso),
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 Vwupp, 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 (Vwm, In) and (Voc, 0)
corresponding to normal FOCV -MPPT operation, as sketchedin 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 sentto a PC where the
reconstruction algorithm is executed.

Comparison between the working point ( Vu, Im) and the optimal one (Vwuee,
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 modeinterpolation 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:

& p— @ YO
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(Xxix) © 0 © ©0 ©Op

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 |g and dependent on the operating
point, modeled with the corrective terms ( by, ) on lg: the effective photo-
generated current is therefore Ipg < Ic. The PV panel, being composed of a series
of p-n junctions, has a dark current component Ip which must be subtracted from
Ipc. In the Ip model, lois the diodes dark saturation current, nsthe number of cells
in series, V1 = k& gthe thermal voltage and a (a real number between 1 and 2)
the diode non-ideality factor related to additional recombination effects. The
illuminanc e is assumed uniform on all the ns 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 pahs in the junction and metal contacts.

To reconstruct the |-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:

1 & Rsh, by, b, have a very limited dependency on the degree of illuminance
and therefore can be calculated offline just once, using dedicated algorithms
potentially exploiting advanced machine learning algorithms .

1 lg, Rs, lohave a deep correlation with illuminan ce 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, I)
values for one or a few illuminance levels at three operating points:; open -circuit
(Voc, 0), maximum power (Vwep, Ivpp) and short-circuit (0, Isd). It has been shown
[10] that it is possible to interpolate a complete |-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 ( Vwep, Impp) 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 | -V curve starting from Voc.

As a consequence, anoriginal algori thm has been studied ableto reconstruct
the 1-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 (Vw, Iu), and
the open-circuit point (Voc, 0).

4.1.3 Reconstruction algorithm

First of all a method to estimate the values of constant parametersa, Rsn, b,
b, is proposed.

The characterization algorithm was developed in MATLAB® and aims to
find the values of constant parameters which best fit equation (xxix) with a set of
experimental |-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 | evels.

The resulting quadruple of parameter is the one that minimizes the err or
function:

P4 (xxx)

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 (c,j) using the reconstructionalgorithm 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, Rsn, by, b, was taken from
literature [92] (b1 =0.1V,b,=0.9V, whereasa=1.5andRsy= 2. 5 MN)

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

Starting from those constant parameters a reconstruction algorithm s
developed.

To solve the system for Ig, lo and Rsthree equations are needed. The first two
equations are obtained by substituting in (xxix) the values (Vwm, 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

Q0 p
(Xxxi) Qo Y

which is derived in [95] and is based on the assumption that Rsdsc << a@sd/T.
This equation cannot be used in the proposed method becauselscis 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 i n (Voc, 0) leads to:

Q0 b s O P @
Qo o vo° ' ’

(xxxii) i _
GE W Y W W

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 ofg 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
(forRsu> 10 KN,059).t is < 1

A can therefore be approximated with its dominant first term. Series
resistanceRs, as a parasitic parameter, isusuallyles t han 100 N and th
that Rs3A << 1 (102), leading to:

(xxxiii ) — ——Q
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Now we can equate (xxxiii ) to (xxxii ), obtaining the third system equation:

0 o
Q

b Yo & (Xxxiv)

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 g, lo and Rsis therefore:

0 "Qw
T "Qw (XXXV)
PDOOE

Solving (xxxv) for Rsleads to an implicit nonlinear equation that cannot be
solved analytically. However, this equation can be solved by n umerical methods
(its derivative can be calculated analytically, again with partial implicit
derivatives, so Newton -Raphson [96] may be used). TheRs value obtained can
be substituted in the first two equations to solve for I, lc.

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(log(n) Rn)) where F(n) is the
cost of calculating f(x)/f'(x), with n-digit precision. In this case, F(n) 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 t ime.
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 tochanges 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 bo ard
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 reconstygtidtovoltaic
panel characteristic ethefly 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 kvalue in (xxviii ).

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

P-V measured curves
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Fig. 61 Sanyo AM1801Panel RV measured curves at various different illuminance levels

Considering extracted curves, a value of 0.8 is a reasonable choice fok 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: (Vwm, Pm = Vwm dm) and (Vog, 0).

P-V curves @ 450 Ix

-=-=-P-V curve reconstructed = ——P-V curve measured
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Fig. 62 Measured vs reconstructed\WPcurve at 450 Ix. (M, Pm) and (Moc, 0) sampled when k =
0.8 (optimal condition)

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

V]

D

(xxxvi)

Table 11 shows, for different illuminance levels, the two points used for
reconstruction (Voc and Vu/ Pw), the MPP of the measured and reconstructed
curves (Vuep/P wpp meas. and Mupp/P mpp reconstruct.) and, in the last column,
the error between the maximum power points (Pwpe_er), defined in (xxxvi).

Tablel1 MPP errors between measured and reconstructed curves (Y and (Moc, 0)
sanpled with k = 0.8)

Lux | Voc V] | Vu/Pu [VIW] VMPP’[\Ply\PAj]meaS- rec\c’)g;;r’f’[“\“;’;vv] F’“E;;]-e"
160 10.42 | 834/(1.967310-4) | 8.34/(1.9673104) | 8.18/(1.971410-4) 0.2
300 10.81 | 8.65/(3.761910-4) | 8.65/(3.7619104) | 8.46/(3.772110-4) 0.27
600 11.2 | 8.96/(7.320310-4) | 8.96/(7.320310-4) | 8.68/(7.356710-4) 05
900 11.42 | 9.14/(1.074410-3) | 8.57/(1.084310-3) | 8.76/(1.083%10-3) 0.08
1200 | 11.64 | 9.31/(1.415410-3) | 8.73/(1.444810-3) | 8.79/(1.439910-3) 0.34
1500 | 11.75 | 9.40/(1.748410-3) | 8.81/(1.804810-3) | 8.75/(1.796110-3) 0.48
450 11.12 | 8.90/(5.435510-4) | 8.34/(5.446010-4) | 8.65/(5.458610-4) 0.23
750 11.39 | 9.11/(9.011810-4) | 8.54/(9.1319104) | 8.77/(9.081910-4) 0.55
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The highlighted rows display the illuminance levels not included in the
measured set of RV curves used for reconstruction. In all cases tested the error
between measured and calculated Pwep is lower than 0.55 %. The difference
between measured and reconstructed VMPP is in all cases lower than 0.3 V; note
that the Vupp 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 Ix 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 Pwee is larger than in the previous cases but less
than 2 % while the Vwpp difference is still in the same order (0.3 V). It can easily
be observal that the operating point Vu is lower than the optimum one Vwep,
which enables one to state thatk=Vu / Vocis lower than optimum and suggests
the correcting action of increasing k by acting on the voltage divider at the
DC/DC converter input. Similar r esults 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\Pcurve at 450 Ix. (M, Pu) 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 evaluatedis 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 fromthe MPP, but the difference
in the estimated Vwvpp remains in the same range (0.3 V). The difference between
the calculated Vwpp and the transducer operating point V 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 1.5and 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 inpu t 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 phaseit is
switched off and its drain node is shorted to th e 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&nd ON phaseoccurs, then 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.
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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 ahigh 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 tasurmount t he
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 voltagelit LDMOS with customized thick oxide
realized on 200nm siicon wafer 0 A . N . T a | blravestigation ofethe hat Icarrier
degradation in power LDMOS transistors with customized thick o&ide Mieroelectronics
Reliability. vol. 7677, pp.475479, Sep 201®

In Fig. 65 a section of an N-drift LDMOS is presented, which sh ows 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 Ron value has a strong correlation with the HCD, in
the sense thatthis kind of degradation produces an increase in theon-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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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 theoverall degradation state.
As a consgjuence, 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 a nd 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 whic h 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, 1095everal different
architectures are presentad 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, 114jncluding 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 onresistance 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 in a DC/DC converter f or 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:

1 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 .

1 As explained in section 5, the actual value of on-resistance Ron is a good
predictor for the MOS degradat ion. 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 E uropean project R2Power30@nd ECSEL joint undertakingyroup, for
the continuous technological innovation on smart -power technology and design.

Asa reference, a conventionalDC/DC boost architecture is presented in Fig.
67, whic h clearly identifie sthe n-MOS device that may be subjected to hotcarrier
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 Ipran in order to evaluate the value of the on-
resistance Ron, accordingly to Oh mds | aw. Mor eover, from a
view, this means that it would be necessary to provide an additional mechanism
to calculate the resulting resistance as the rdio between the monitored voltage s
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 val ue of resistance,
while in the second case it should provide two different vales for voltage and
current.

lorain 3
°
o A 5[]
| 5
3
= = 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 voltagepV
for the same current flowing. In other words, a percentage variation of Ron
(% 2 Bn) produces an equal percentage variation of Vp (%a8/p), while in absolute
terms we have:

Yo YY oJonb¥yy PY® 2 "QQuQQ (XXXVii)
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It is clear from (xxxvii) that if we also take into account possible noise or
errors in the measurement of &/p, then the best signaklto-noise-ratio is obtained
at the highest current flowing Ip. In addition to that, since the current flowing
into the observed MOS hastypically a saw-tooth shape as described in section
1.5, the maximum obtainable current always occurs on the threshold between
the ON phaseand the OFF phasgi.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 monitor ing both current and voltage values.
The proposed idea is to fix the maximum current flowing in the o bserved MOS
at the end of the ON phaseand 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 varation of Ron can be directly obtained from the percentage
variation of V p, 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.
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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 Csample and the
comparator circuit C; are used to store the information about the RON variation
and possibly generate a flag signal if the detectedvariation 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

5.2.2 Functional overview

In order to control the flowin g 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:

. Q0 of o o
w U'Q(‘)w 5 w (xxxviii)

The integrator INT generatesa signal Vint, which is obtained by integrating
the voltage drop across the inductor, which is therefore proportional to the
current Ip during the ON phasewhen the MOS is switched on. The value of the
maximum current is then set by means of an external reference voltage Vres o,
which must be chosen following:

® | D3O N © (T—:U (XXXixX)

being a a proportional coefficient related to the specific implementation of the
integrating circuit, exp lained in detail in section 5.2.3 During this phase, the
sampling switch S is closed, sothat Vsampiefollows the value of Vp.

Once the maximum predefined current Iuvax is reached, the control signal
V4 is raised, this meaning that the drain voltage Vp is ready to be sampled. As
a consequencethe digital control block opens the sampling switch $; and drives
the gate driver low, so determining the end of the ON phaseand the consequent
beginning of the OFF phaseln this way, CsampieStores the value of Vp when a
precisely known current Iuax was flowing through the drain of the observed
MOS. Consequently the value of VsampieCan bedirectly 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 Vsampiefor a fresh device
Vsamplefresh Can be considered, then a relative value of 105%0f Vsampiefreshcan be
used for the reference value of Vit w. In this way, since the percentage
degradation of the Ron is equal to the percentage degradation ofVp asexplained
in (xxxvii ), then a specific flag is raised if the degradation exceeds 5%.

The sampling procedure is necessary in order to relax thetiming 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 phasin 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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1 A specific value of Vit p 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 Vet p and Iuax is reported in section 5.2.3

1 The DC/DC converter is then operated at time zero, i.e. with a fresh device,
and the value of Vsampleis 0Observed. This value Vsamplefresh represents the
reference value associated with the initial Ron of the device.

1 A custom maximum relative degradation value is taken into account and
used to setVier w. For example if the maximum acceptable degradation for
the device is 5%, then a value equal to 105% 0OW samplefreshShould be chosen
for Vref_VD.

1 During normal operation, the ON phasealways lasts exactly the time needed

for the current to reach the peak value Iyax. The subsequentOFF phaséasts

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 sectionl.5). This behavior is helpful as in this way the initial

current at the beginning of the ON phasds always null, which simplifies the

implementation of the integration circuit. As a matter of fact, the integration

signal Vint is proportional to the variation of the flowing current, so the

initial value Ilinir should be taken into account, if not zero (xxxviii ).

Initially, the value of VsampieiS equal to Vsamplefresh SONO exception is raised.

Over time, Ron resistance degrades, this producing a constant detectable

increase in the value of Vsampie till it optionally reaches the Ve w value, in

which case a degradation flag is raised from the digital block.

1 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 comp arison 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 phasesare regulated by the associated
current flowing inside the inductor L. The first one ends when current is equal
to Iuax, 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 t he 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 oroff
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 lwax should be chosen accordngly 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 onthe testing board, in order to monitor the temperature
of the device. With this information available, the obtained Vsampe 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 respectivelyiV (violet), Vet w (green) and duain (red), before
and after degradation

5.2.3 Maximum current regulation: integration block

In order to set the precise maximum current Iuax, 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 lini 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, va lues 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 cri tical in the
adopted 90 nm BCD technology. As a matter of fact, the resuting 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 caasitand 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+, Vi), 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 factoro used to determine Iwax (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 andjaeapacitor
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 increasethe value of C, plus a minor resistive effect depending on
the value of Re1, which can be neglected in first approximation. The resulting
transfer function between flowing current i(t) and integration signal Vin(t) is
therefore:

(x1)
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which can be simplified for 6 =1 as:
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Another inte resting aspect of this architecture is that it is possible to add any
arbitrary capacitance to nodes Vin and Vs, 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 capacitorC outside the integrated circuit .

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

: 0
(xlii) W WOO

Finally, operating frequency can be approximate as following:
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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, section2.2.4 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, Compcs, 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 phaseFrom an operative point of view, during the OFF phas¢he
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, Compoost, IS necessary to monitor when output node
exceeds input source, this meaning the @nverter 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 valuesabove the maximum driving operating
voltage of adopted MOS (5V)), then a dedicated design must be provided.

A simple approach is to use a dualarchitecture of the one proposed in Fig.
16 (a), but in this case a constant bias currentwould 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 doesndt affect the output node,
quiescent current of the overall system. LMg, LMy and LM are power LDMOS,
which can accept up to 20 V as drainsource voltage with a maximum gate -source
/ gate -drain drop of 5V. When V- is higher than V+, than LMy is switched off, so
no flow of current is allowed and node Vqis brought slightly above V+ node. At
the same time, differential amplifier DOA tries to compensate this variation by
decreasing feedback signalVs, so partially switching off MOS LM¢e. Because of
that, current flowing inside LMfis erased, and as a consequence nod¥y exactly
follows the value of V- (more precisely V- minus the characteristic threshold
value of MOS LM and LMuy). In this way, a proper Vgs (< 5V) is always present
acrossLM_ and LMy, while the main drop (V- - V+) is applied to drain -source
nodes, as desirable.
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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
LMy and Vq drops below Vsource Hence, DOA increases feedback signalVs, so
switching on LMk. In this case, bias current is also allowed to flow inside LMg,
whose value is almost equal to the one in LMy. Consequently, feedback action
forces the nodeVqto assume a value which allows the flow of a current equal to
Isias through both LMy and LML. As in previous case, gatesource voltage is
always below maximum operating range of 5V for all considere d MOS.
Moreover, the current drawn from node V- is only the difference between the
two bias currents, which mainly depends on layout m ismatches between current
sources.

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

Finally, comparator Comptransform sthe 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 Vsourcg to the low voltage
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