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1. ABSTRACT

Energy harvesting has become increasingly important nowadays. This solution
allows the development of autonomous devices, avoiding the use of batteries, that
do not have a large duration and can be harmful to the environment.

Some energy harvesters provide very low voltages, that are therefore unable
to supply what is required by some electronic devices. This can be solved with
the use of step-up voltage converters.

Moreover, some of these are not able to provide enough power for continuously
supply to sensor nodes. With the help of a voltage monitor we can ensure that
the power is only transferred to the sensor node whenever the capacitor storing
the energy provided by the harvester is charged enough.

In this work, a Power Management Unit (PMU) for a long-range harvester-
assisted wireless sensor node is proposed. The PMU is able to adapt the output
voltage of the harvester to the required voltage for the sensor node, and store its
energy in a capacitor. It also ensures that power transmission only occurs when
the capacitor is charged enough.






2. INTRODUCTION

2.1. Context

The Internet of Things (IoT) is an increasingly important matter in industry. Thanks mainly
to the development of internet connectivity and data analysis, many types of objects or
devices can now be connected among each other through the internet, thus ameliorating the
control we have over them, and the coordination among them.

In terms of impact, it is expected that by 2025 a total of a 100 billion devices will be IoT
connected, and their impact on economy will be of more than $ 11 trillion [1]. The solutions
provided by this technology have the potential to be used in many different fields, for example
in industry, health care, home automation or physical urban infraestructure [2] [3].

An example of IoT systems are sensor networks, where different sensor nodes are con-
tinuously generating data or gathering information. This information can be processed or
directly shared, because of their internet connectivity. The internet communication allows a
computer to process, monitor or control this sensor network. [1]

Sometimes these sensor networks need to be wireless, specially if sensors need to be placed
in spaces where wires cannot reach. Autonomous sensor nodes are able to make measurements
and send information without the need of being connected with cables. A typical way of
implementing autonomous sensor nodes is to power them with batteries. However, this
implementation usually prevents the sensor networks from being cheap, durable, reliable and
having a high transmission rate at the same time, forcing the designer to sacrifice one of these
goals [4]. Battery-powered sensor nodes usually need to implement duty cycle strategies, this
is, reducing transmission rates (communication is usually the most energy-consuming task
in wireless sensor networks [5]) in order to save energy, helping to increase the durability of
the batteries. In addition, they usually become the most expensive part of the system, since
they need to be replaced or charged periodically [6].

The emerging technology of energy harvesting is helping with the energy scarcity issue.
Energy harvesters convert different types of energies available in the environment (solar,
thermal, vibration...), into electrical energy. Energy harvesters can also be combined with
duty cycling techniques when the power provided by them is limited. These energy sources can
be connected to batteries or capacitors that store energy until the transmission of information
is done by the autonomous sensor node. This way, the system can ensure it has enough energy
when a consumption peak is required. Using this technology for wireless sensor nodes can

3
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reduce the duty cycle (compared to the one with batteries) if there is enough energy available
and the harvester is able to convert it efficiently. [7]

Energy harvesters are not always able to provide the voltage required by the sensor node.
A solution to this issue is to implement a DC-DC converter stage before the sensor node, to
raise the voltage output of the harvester. This is common for different types of harvesters,
like solar cells [8], or thermoelectric generators (TEG) [9)].

The power provided by energy harvesters is dependent on dynamic environmental condi-
tions. For example, solar cells do not generate as much energy on sunny days as on cloudy
days. The minimum duty cycle for a sensor node depends on the time it takes to charge
the battery enough to complete a full transmission of the information that is being collected.
For this reason, in order to minimize the time lapse between transmissions, it is desirable to
adapt it to the energy that is being provided at each moment by the harvester. This can
be done with the use of a battery monitor, which is able to close a switch that connects the
capacitor or the battery to the load only when the former has enough energy stored. This
way, duty cycle can be adapted to the dynamic environmental conditions. [10]

2.2. Background

This work is part of a bigger project, where the goal is to design a long-range harvester-
assisted wireless sensor node. This device should be able to read data from a sensor and
send it only using the energy obtained through harvesting techniques. In the project, the
maximum communication distance will be calculated, together with the viability on different
environments. Figure 1 shows the block diagram of the complete system, this is, including
also the block that is in charge of receiving the information that is being generated by the
sensor node.

POWER MANAGEMENT UNIT

RADIO
FREQUENCY
STORAGE AN/ ol N4
CAPACITOR SWITCH
ENERGY 5| DC-DC > J_ > >
HARVESTER[ [~ |CONVERTER ~ —l— Moo »| EMITTER RECEIVER
A A
CONTROL BIT
GAS
5| BATTERY SENSOR
7| MONITOR

Figure 1: Long-Range Harvester-Assisted Wireless Sensor System Block Diagram

First, an energy harvester will convert energy extracted from the environment into electri-
cal energy. Two options are being evaluated for this device: a solar cell and a Thermoelectric
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Generator. The output voltage of the harvester is later adapted by a DC-DC converter to the
voltage required by the system. Energy is then stored into a capacitor. A battery monitor
controls a switch that allows the energy to be transferred from the capacitor to the emitter
only when the capacitor is charged enough. A gas sensor measures the amount of gas in
the environment, and this information is read by the emitter (CC1310 sun 1GHz board).
The emitter is periodically sending the read information to a receiver, which is connected to
the internet and power supply, and can store the received sensor data in the cloud. All the
mentioned modules except for the receiver form the autonomous sensor node.

This work is focused on the design of the Power Management Unit of the long-range
harvester-assisted wireless sensor node, which includes 4 modules: the voltage converter, the
energy storage capacitor, the battery monitor and the switch. Some specifications have been
defined for each of these modules:

e The DC-DC step-up converter should be able to provide an output voltage of 3.3 V when
no load is connected to it. This is because in this project, the LAUNCHXL-CC1310
Evaluation Board has been chosen for the emitter, and it is the maximum voltage it
can operate with. The sensor and its corresponding amplifier receive the power through
this board and not directly from the PMU.

e The monitor should close the switch once the voltage across the capacitor reaches the
specified value (3.3 V). The monitor should also consume very low power, since a large
consumption would make the device counterproductive. When the emitter turns on
and starts reading the information of the sensor and transmitting it, the capacitor
starts discharging and the voltage across it starts dropping. The monitor should open
the switch to prevent the voltage from dropping below 2 V, which is the minimum
operation voltage of the CC1310.

e The capacitor should be able to store enough energy for transmissions to occur, but
also charge as fast as possible to reduce the time between transmissions, which should
be less than a minute.

e The voltage drop across the switch when it is closed should be the minimum possible.
The current across the switch when it is open should also be the minimum possible.

Page 5 of 61






3. OBJECTIVES

The main objective in this work is to design a Power Management Unit for a long-range
harvester-assisted wireless sensor node. To accomplish this, an iterative incremental design
method will be followed. This is, some intermediate designs will be proposed, where the
modules that form the PMU (the voltage converter, the battery monitor, the capacitor and
the switch) will be added step by step. The objectives of each intermediate design are defined
later in this chapter.

An additional objective is to design the Printed Circuit Board (PCB) that implements in

a single board all the blocks that appear in Figure 1, except for the receiver, thus integrating
the complete long-range harvester-assisted wireless sensor node.

3.1. Design 1: The Voltage Converter and the Capacitor

The main objective is to design two DC-DC Step-Up converters that will adapt the output
voltage of the harvesters. The first will be designed for a thermoelectric generator, whereas
the second one will be designed for a solar cell. To achieve this, some secondary objectives
have been defined.

The first secondary objective is to analyze the different existing ways of boosting DC
voltage. This objective includes analyzing what components can be found in the market (or
in the laboratory where the project is taking place) that are capable of doing this.

The second objective is to choose which of the analyzed components accomplishes better
the defined specifications.

The third objective is to design an adequate PCB for the voltage converter module, using
the selected component.

The fourth objective is to test and characterize different parameters of the designed board:
its capability of reaching the desired voltage, the maximum current that can be supplied by
the designed device in different environmental conditions that affect the amount of energy
that the harvesters can provide, and the amount of time it takes to reach the desired voltage.
The latter depends on the value of the storage capacitor and the load, so different capacitor
and load values will be tested.
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The fifth objective is to determine which is more adequate: the solar cell or the thermo-
electric generator.

The last objective is to define the redesign criteria that is to be used for the second design.

3.2. Design 2: The Battery Monitor

The main objective in the second design is to add the battery monitor module to the first
design. To achieve this, some secondary objectives have been defined.

The first secondary objective is to analyze different options available in the market (or in
the laboratory where the project is taking place) that are able to monitor the voltage across

a capacitor.

The second objective is to choose the component that accomplishes better the defined
specifications.

The third objective is to design an adequate PCB for the voltage converter module and the
battery monitor module, using the selected component for voltage monitoring and applying

the redesign criteria defined for the previous design (Design 1).

The fourth objective is to test and characterize different parameters of the design, like
the maximum transmit burst rate on different environmental conditions.

The last objective is to define the redesign criteria that is to be used for the third design.

3.3. Design 3: The Switch

The main objective in the third design is to complete the PMU adding the last remaining
module: the switch. To achieve this, some secondary objectives have been defined.

The first secondary objective is to analyze different types of switches available in the
market or in the laboratory where the project is taking place.

The second objective is to choose the most adequate. For this purpose, more than one
switch could be tested. To choose among more than one switch, the voltage drop across them

during OFF and ON state will be characterized and compared.

The third objective is to add the selected switch to the second design, or a correction of
it applying the defined redesign criteria, thus completing the third design.

The last objective is to define the redesign criteria that is to be used to design the final
autonomous sensor node.
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4. MAIN COMPONENT SELECTION

In this chapter different ways of implementing each of the modules that form the PMU are
analyzed, including some options available in the market, and the final choice for our design
is explained.

4.1. DC-DC Step-up Converters and Charge Pumps

It is common for some energy harvesters like TEGs or solar cells to provide low voltages, thus
making the use of DC/DC step-up converters crucial for their applications [11] [12]. These
devices are able to convert low voltages into high ones by means of different techniques.

There is no unique optimal technique to raise DC voltages, and the selection of it depends
on the specific application purpose [13]. For this reason, the different desired properties and
characteristics must be analyzed.

Some DC-DC boost converters offer isolation between input and output, like DC-DC
flyback converters, however, this is not usually needed for low power applications, and it is
also more costly, space-occupying and inefficient. [13] [14]

Another option is having a bidirectional converter. Bidirectional converters are more
complex and costly than unidirectional converters, so they should be only used if necessary
[13]. This is not the case of energy harvesting and sensor node applications, since power is
only transferred in one direction: from the harvester to the sensor node.

It is also important to consider whether the device is voltage-fed or current-fed. For low
voltage renewable applications current-fed DC-DC step-up converters are more common [13].

Other limitations might be having low multiplying factors. This can be solved by tech-
niques such as cascading.

Having analyzed the desired properties, it is interesting to analyze the specific techniques
that can accomplish this and compare them.

e DC-DC step-up converters use an inductor to store energy that is later transferred to a
capacitor to raise the output voltage. Their main advantages are their high efficiency,

9
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low output ripple and being able to reach high voltage multiplication factors. Their
main disadvantages are their cost (higher than charge pumps) and the space they occupy
(mainly due to the combination of inductor and capacitor) [15]. The latter is not a
problem for this project, since there is no space limitation. They also require switches,
which can be built using different components such us diodes or transistors. Eric J.
Carlson, Kai Strunz, and Brian P. Otis suggest the use of pFETS, to avoid voltage drop
and allow inputs as low as 20 mV [16].

e Classical DC-DC charge pumps use switch-capacitor configurations in order to raise
the voltage. Their main advantages are that they are very cheap, efficient, and occupy
little, since they can be integrated into the power integrated circuit chip [15]. However,
they have a limited multiplying factor, and require a threshold voltage that might be
too high for some harvesters, like thermoelectric generators. If the problem of the
threshold voltage is solved, an advantage of working with integrated circuits is that
low leakage currents can be ensured, thus enabling these devices to work with ultralow
voltage inputs [17].

e Other options include hybrid inductive and capacitive architectures [18]

We are interested in charging rapidly the capacitor that stores the energy that is later
provided to the device. The speed at which it is charged depends on various factors, but an
important one is efficiency, since being able not to lose energy along the process will make
the capacitor reach a higher energy point faster.

Considering all these aspects, Table 1 shows a list of different options available in the
market that could be adequate for the purpose of this work, comparing their main charac-
teristics.

Name: LTC3108 LTC3105 MAX17227A BQ25504

Type Charge pump Step-up Step-up Step-up
Vin min 20 mV 225 mV 400 mV 130 mV
Vin start 20-50 mV 250 mV 880 mV 600 mV
Vin max 500 mV 5V 5.5V 5.5V

Vout 235V / 3.3V / 41V / 5V 1.6V to 525V 23t052V 2.2V to 525V
MPPT ! No No No Yes

Table 1: Comparison Between Different DC-DC Step-Up Converters in the Market

4.2. Battery Monitors

Ideally, the input power and the output power of a DC-DC boost converter should be equal.
This way, taking into account Equation 1, a higher output voltage would mean a proportion-
ally lower average output current. In some cases, the devices demand more current than the
one that can be provided by the DC-DC converter and the harvester. This can be solved
using Duty Cycle techniques. These consist in turning the device on and off periodically, so

'Maximum Power Point Tracking
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that the average current is low enough, even if the demanded current during ON state is too
high. Energy can be stored during OFF or Sleep Mode states in a capacitor, and later be
released during ON state.

P=V=xI (1)

The power provided by the harvester is not constant and depends on dynamic environ-
mental conditions. The monitor can control a switch to ensure that transmissions only start
when the capacitor has enough energy stored, thus minimizing the duty cycle.

Some available examples in the market are the MAX6427, the MAX6433, and the MAX6434.
The MAX6427 has factory trimmed thresholds. This means that it is not possible to ad-
just the threshold voltages where the output pin turns on or off. The MAX6433 and the
MAX6434, however, have adjustable threshold voltages. Figure 2 shows how the output bit
of the monitor (LBO) changes depending on the value of the battery (or capacitor) voltage
VB arr compared to the high and low threshold voltages Vyry and Virg.

Figure 2: MAX6433 Output Bit LBO [19]

The main difference between the MAX6433 and the MAX6434 is that the MAX6433 has
an active-low push-pull output while the MAX6434 has an active-low open-drain output [19].2

4.3. Switches

Switches are a type of electronic component that is able to open or close a circuit. They can
be classified in different ways.

The main technologies with which electronic switches can be built are diodes, transistors
and thyristors [20]. Each of them has different properties.

2Section 4.2 has been done in collaboration with Ignacio Jiménez
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In this project, the objective is to find a fully-controllable switch. Therefore, diodes can
be discarded.

The thyristor family of switches is often used for alternate current and relatively high
power requirements [20].

Having briefly analyzed the different options, the transistor family of switches has been
selected for this project. The reasons for this are that they are fully controllable and can
properly work in low power DC applications.

The SN74LVC1G66-Q1 is a single bilateral analog switch that can be controlled through
one of its pins, so that when the input voltage in this pin is high, the switch closes, and when
it is low, it is open. The ON resistance, r,,, is quite low in this device, as it is possible to
observe in its Data Sheet [21]. This means that the voltage drop when the switch is closed
should be very low. This property is very interesting for this application, since the objective
is to supply the closest value to 3.3 V to the emitter and the gas sensor.

In addition, some NPN type Bipolar Junction Transistors (BJT) are available in the
laboratory where this project is being done.

4.4. Final Selection

Having analyzed the different options that can be used in the modules of the PMU, the final
selection is specified in this section.

Following the example of Hector Solar et al [22], for the voltage converter module, the
LTC3108 has been chosen among the options shown in Table 1, mainly because of its capacity
to boost voltages as low as 20 mV. TEGs can provide very low voltages if the temperature
gradient between the hot side and the cold side of the harvester is very low, thus making the
chosen device better suit for these cases.

For the battery monitor, the MAX6433 has been chosen. The main reason is that the
threshold voltages are adjustable (which is not the case of the MAX6427), and that it was
available in the laboratory at the moment of the board development (which was not the case
of the MAX6434).

For the switch, the SN7T4LVC1G66-Q1 has been chosen, but since some NPN Bipolar

Junction Transistors are available in the laboratory, both switches have been selected for
testing, to be later compared.
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5. DESIGN 1: THE DC-DC CONVERTER AND
THE CAPACITOR

In this chapter, a first intermediate design is presented. This design includes the DC-DC
converter module, that adapts the output voltage of the harvester to the required one by
the emitter board (3.3 V). Moreover, the results of testing and characterizing this design
are shown in this chapter. The voltage converter module already includes a storage output
capacitor, but the results of using other capacitors in parallel to the one already included
have also been analyzed.

Figure 3 shows the block diagram of the complete system. Thick black borders indicate

that the block is included in this first intermediate design, while grey thin borders indicate
that the block is not included in the design presented in this chapter.

POWER MANAGEMENT UNIT

RADIC
FREQUENCY

STORAGE >

CAPACITOR SWITCH
ENERGY | ococ N J_ . -
HARVESTER[ | CONVERTER] ] —|— — > > EMITTER ECEIVER

A A
CONTROL BIT
» BATTERY SENSOR

Figure 3: Design 1 Block Diagram

5.1. Design 1 Proposal

In this section, the design of the first PCB and the selection of its components is explained.

The design process has been carried out following the recommendations of the LTC3108
Data Sheet [23].

13
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5.1.1. Design 1 PCB

The LTC3108 can be adapted to different voltage sources by making small changes on the
external circuitry required for it to work properly. For this reason, a PCB valid for two types
of energy harvesters (a TEG and a solar cell) has been designed. The designed board is the
same for both harvesters. However, the value of the components that are soldered to them
are different.

Figure 4 shows the schematic of the step-up converter PCB, which is inspired by the
examples given in the LTC3108 Data Sheet [23]. Figure 5 shows the actual design of the
board.
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Figure 4: Design 1 Schematic

Initially, the design had the top layer referenced to VAUX, and the bottom layer to GND.
However, this layout required more through-holes than doing it the other way round. This
is, referencing the top layer to GND, and the bottom layer to VAUX resulted in a cleaner
design.
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Figure 5: Design 1 Printed Circuit Board

5.1.2. Design 1 Component Selection

Name Device TEG value Solar Cell value
C1 C0603 1 [nF] 10 [nF]
C2 C0603 330 [pF] 330 [pF]
CIN C1206 220 [pF] 220 [pF]
CLDO C0603 2.2 [pF] 2.2 [pF]
CAUX C0603 3.3 [nF] 2.2 [pF]

L1 74488540070 / 74488540250 1:100 [Turn Ratio] 1:20 [Turn Ratio]

JP1 PINHD-1X1 1 [Pins] 1 [Pins]
JP2 PINHD-1X2 2 [Pins] 2 [Pins]
JP3 PINHD-1X3 3 [Pins] 3 [Pins]

J1 104188-0210 2 [Contacts] 2 [Contacts]

J2 104188-0210 2 [Contacts] 2 [Contacts]

R4 R0603 0 [©] 0 [©]

R5 R0603 0 [Q] 0[]

R6 R0603 0 [©] 0 [©]

R7 R0603 0 [Q] 0[]
CcouT C1206 100 [pF] 100 [pF|
BT1 KXO0B25-05X3F Not used Not relevant
BT2 KXOB25-05X3F Not used Not relevant

Table 2: Design 1 Bill of Materials

Table 2 shows the list of components needed to complete the circuit. On the left column
the name indicating the position of the component on both the schematic and the board [Fig-
ures 4 and 5| is written. The second column, shows the name of the device that corresponds
into that position. The third column, shows the value of each component regarding the TEG
board, while the right column shows the value corresponding to the solar cell board.
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BT1 and BT2 are the spaces where the KXOB25-05X3F, the selected solar cell model for
this project, can be soldered. They are not used in the board designed for the TEG.

The chosen values for C1, C2, CIN, CLDO and CAUX are the recommended ones in the
LTC3108 Data Sheet [23]. CIN is not strictly necessary, but it is recommended, since it does
help to stabilize the input voltage, thus improving performance.

When the TEG’s temperature gradients between the hot and the cold side are low, the
output voltage can also be very low [22]. Using the 1:100 turn ratio transformer allows
to work with voltages as low as 20 mV [23]. Solar cells are more likely to have a higher
output voltage, thus allowing the use of lower turn ratio transformers. L1 corresponds to
the pad where the transformers are placed. The transformer models chosen for the project
are the Wurth Elektronik 74488540250 (1:20 turn ratio) for the TEG board and the Wurth
Elektronik 74488540070 (1:100 turn ratio) for the solar cell board. These models are also the
recommended ones in the LTC3108 Data Sheet. Both of them share the same footprint, so
any of them can be soldered correctly in the designed board.

JP1, JP2 and JP3 are male pin headers. JP1, JP2 and JP3 are not strictly necessary for
this project, but have been included for other future uses of the board.

J1 and J2 are female board connectors that allow a more stable connection than pins.
They are used for the input and output voltages.

In addition, some pads for 0 €2 resistors (R4, R5, R6 and R7) have been added in the PCB.
With these, VS1 and VS2 can be independently connected to either ground or VAUX. This
determines the output voltage of the device. In this project, VS1 is connected to VAUX, while
VS2 is connected to ground, to ensure an output voltage of 3.3V, our objective. However,
the pads to connect VS1 to ground or VS2 to VAUX have been added, so that the board has
flexibility to test different configurations in the future.

COUT is the energy storage capacitor. The LTC3108 does not immediately provide the
chosen voltage output without it. A test was carried out without COUT and the system
was unable to provide any voltage. The optimal value of this capacitor can be obtained with
Equation 2 [23]:

Iaverage * Ttransmissz’on (2)

Cour =
Vmaxdrop

Where Iperage is the average current required by the sensor node during transmissions;
Tiransmission, the time lapse between transmissions (transmit burst rate); and Vi,qzdrop the
maximum voltage drop allowed. Since the current that is consumed by the sensor node is
unknown, a capacitor of 100 pF has been chosen.
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5.2. Design 1 Testing and Characterization

With the proposed design, different variables can be measured to determine whether the
design is apt for our purpose. In this sections, the different set-ups that have been used to
make the different measurements are explained, together with the obtained results.

5.2.1. The Output Voltage: VOUT

VOUT using the TEG Set Up

To test the board together with the TEG, a temperature gradient must be created between
both sides of the generator. This is possible using the set up shown in Figure 6. The 6.11 €2
resistor is connected to a DC voltage source. This way, current passing through the resistor
causes its temperature to rise, until it reaches thermal equilibrium, which occurs when the
heat generated by it (P = I? * R) equals the one dissipated from the resistor’s surface. The
resistor has a flat surface on top of which the TEG can rest. This way, the“hot” side of the
TEG is in direct contact with the resistor, while the“cold” side is in contact with the air in
the room, which is cooled with an Air Conditioning (AC) System.

33

Cold side
—_—

VIN VOUT
DC-DC
CONVERTER

GND GND
Hot side

313

—AVW—

6.11Q
Resistor

TEG

DC Voltage
Supply

Figure 6: VOUT Testing Set-Up With the Thermoelectric Generator

VOUT Using the Solar Cell Set Up

To test the Solar Cell, two KXOB25-05X3F Solar Cells have been soldered in the board. To
test them it is important to take into account the amount of light they can receive in different
environments. For this reason, they have been tested both indoors with the artificial light
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inside the laboratory, and outdoors, leaving them outside a window so that sunlight could
reach them.

VOUT Measurement Results

With the help of a multimeter, it has been proven that the designed board for the TEG works
as expected. The output voltage, VOUT, is not the desired one immediately after connecting
the DC-DC converter to the TEG, and it was observed that the time it took to reach the
desired voltage depended on the temperature gradient.

In the case of the board designed for the solar cell, it has been observed that it does not
work as expected. The system was unable to provide the desired output voltage. In Chapter
9, some hypothesis that could explain this are discussed, that could be studied in future work.

5.2.2. Thermal Noise

During testing, it was observed that the room temperature, cooled with an AC system,
oscillated somewhat through time. This affected directly the gradient between both sides of
the TEG, making it necessary to measure how big its influence was.

Thermal Noise Characterization Set Up

To do so, a DC voltage supply of 5 V was applied on the resistor shown in Figure 7. After
leaving it for an hour to avoid the transient before thermal equilibrium, measures of the
temperature on both the “hot” and the “cold” side of the TEG were taken, using a multimeter
and a Type K thermocouple. The measures were repeated some hours later, to confirm that
it had actually reached thermal equilibrium.
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313

Cold side
—_—

TEG

[ R
Hot side

313

6.11Q
Resistor

5V DC Voltage
Supply

Figure 7: Thermal Noise Characterization Set-Up
Thermal Noise Characterization Results

Figure 8 shows the results of measuring the temperature gradients in the two different mo-
ments of the day. The graph shows that the oscillations are high. The fact that the average
is almost the same at both times of the measurements confirms that both measurements were
taken when the Set-Up had already reached thermal equilibrium.

Thermal Noise Over Time
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— — First Measurement Average

— — Second Measurement Average

Figure 8: Thermal Noise over Time
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5.2.3. Maximum Output Current

Maximum Output Current Characterization Set Up

It is important to understand how much current can the TEG combined with the DC-DC step-
up converter provide to the load on different conditions. The power that can be supplied by
the TEG is limited by the temperature gradient between the hot and the cold side. Maximum
current can be measured with the use of a variable resistor. Testing how low this variable
resistor could be before the output voltage was a 10% lower (this is, lower than 2.7V) it has
been possible to calculate the maximum current with Ohm’s Law (40 = V/Rmin). The set
up for this measurement is shown in Figure 9:

i

VIN

DC-DC
CONVERTER

GND

Hot side GND

313

6.11Q
Resistor

DC Voltage
Supply

Figure 9: Maximum Current Measurement Set-Up

Maximum Output Current Characterization Results

Figure 10 shows the maximum current that can be provided by the TEG and the DC-DC
step-up converter together, allowing a 10% voltage drop, this is, an output voltage of the
DC-DC step-up converter of 2.7 V.

It is possible to appreciate in Figure 10 that very low temperature gradient variations
have a considerable impact on the maximum output current.

Analyzing Figure 8 together with Figure 10 it is possible to appreciate the limitations
of the latter. The thermal noise in the laboratory where these results were obtained could
have been enough to noticeably alter them. Finding a more adequate environment where the
temperature gradient noise could be reduced was not possible during the execution of this
project.
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Figure 10: Maximum Output Current (pA) vs Temperature Gradient (K) (2.7 V output)
5.2.4. Output Voltage (VOUT) Charging Time

The tyour, this is, the time it takes the output voltage of the converter (VOUT) to reach
the programmed voltage for the first time (starting from 0 V), could be calculated using
Equation 3, as proposed in the LTC3108 Data Sheet [23]:

VoutProg'rammed * COUT
Icuc — Ivour — ILpo

tvour = +trpo (3)

Where Viutprogrammed 18 the programmed output voltage, Icgq, the charge current;
Iyvour, the load current on VOUT; I po, the load current on LDO; and t;po, the time
it takes LDO to reach regulation. The latter can be calculated with Equation 4:

V C
tpo = LDO * ULDO (4)
Ienc — ILpo
Where Vi po equals 2.2 V; and Crpo, 2.2 pF.

However, the current Icpg is unknown. The tyoyr can still be measured empirically
using an oscilloscope.
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VOUT Charging Time Measurement Set Up

Figure 11 shows the set up to do these measurements. The DC Voltage source is providing 5
V. The system is providing current to both a capacitor and a resistor. The experiment has
been carried out combining different values for both the capacitor and the resistor.

313

Cold side

VIN .
DC-DC - Oscilloscope

—_ Measurement
TEG CONVERTER

GND

Hot side GND

313

6.11Q
Resistor

DC Voltage
Supply

Figure 11: VOUT Charging Time for the First Time Set-Up

VOUT Charging Time Measurement Results

With an oscilloscope, the time it took to charge different capacitors for the first time in
parallel with different resistor loads was measured, thus obtaining Table 3:

The highlighted time values in the table show results that seem incoherent with the rest
of the results. Ideally, a 5 M) load should help the capacitor charge faster, since it reduces
the current that goes to the load. However, this is not the case. In this work, the proposed
hypothesis to explain this is that thermal noise, which was analyzed in Figure 8, is noticeably
affecting the power generated by the TEG, thus having made the capacitor charge faster even
if the load was of a lower value.

In Figure 12 it is observed that the slope is steeper for the 2 M() load than for the 5M(2
load, even if theoretically it should be the opposite. The graphs showing VOUT vs Time
with the different resistors and capacitors that appear on the table have been included in
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0to 1.8V |10 pF 47 pF 100 pF  [1.8 €0 3.3 V| 10 pF 47 pF 100 pF

0.47 M 5258  6.65s 9.82 s 0.47 MQ 5.38s 6.69s 10.07 s
1 MQ 490s 6.73s 9.27 s 1 MQ 480s 6.57s 9.09 s
2 MQ 484s 6.73s 7.35 s 2 MQ 452s 6.26 s 6.99 s
5 MSQ 5.28s 597s 7.87 s 5 MQ 466s 5.52s 7.27 s

(a) Time for VOUT to go from 0 V to 1.8 V (b) Time for VOUT to go from 1.8 V to 3.3 V
0to3.3V 10 pF 47 pF 100 pF
0.47 MQ | 10.63s 13.34s 19.89s
1 MQ 9.70s 13.30s 18.36s
2 MQ 9.36 s 1299s 14.34s
5 MQ 9.94s 1149s 15.14s

(¢) Time for VOUT to go from 0 V to 3.3 V

Table 3: Vout Charging Time Combining Different Resistors and Capacitors

Appendix A [Figures 34 to 45].These graphs indicate precisely the time where the voltage
reaches 1.8 V and 3.3 V for each case.

VOUT over time using 2 different resistors

3.3V T

Voltage (V)
o
<

—2 MQ
5 MQ

oV - -
-5 0 5 10 15 20 25

Time (s)
Figure 12: VOUT over Time Using 100 pF Capacitor and 2 Different Resistors
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5.3. Summary and Redesign Criteria

In this chapter, two voltage converter module designs have been proposed, one for a TEG
and another one for a Solar Cell. The latter, has been tested without obtaining the desired
results, while the former has been successfully validated. The maximum output current has
been characterized for different temperature gradients. Since some variation on results have
been detected, the thermal noise in the room where the testing has taken place has also
been characterized. Finally, the time it takes the module to reach the desired voltage has
been measured, with different output capacitors to store the energy, and different resistors in
parallel to the capacitor acting as loads.

The next chapter describes the second intermediate design. Following an incremental
designing method, it includes the voltage converter module described in this chapter together
with the energy storage capacitor, and adds a voltage monitor module to it. With the
new module, additional testing and characterizing is also described in the following chapter.
No changes need to be made in the voltage converter module, which has been successfully
implemented.
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6. DESIGN 2: THE VOLTAGE MONITOR

In this chapter, a second intermediate design is presented. The design includes the modules
that appeared in the previous design, this is the voltage converter and its output energy
storage capacitor, and an additional voltage monitor module. The voltage monitor module
has an output bit that is HIGH when there is enough energy in the storage capacitor, and
LOW when the capacitor requires to be charged, which is when the voltage across it gets
lower than 2 V. The results of testing and characterizing this intermediate design are also
shown in this chapter.

Figure 13 shows the block diagram of the complete system. Thick black borders indicate

that the block is included in this second intermediate design, while grey thin borders indicate
that the block is not included in the design presented in this chapter.

POWER MANAGEMENT UNIT

RAD
FREQUENC
STORAGE >
CAPACITOR SWITCH
ENERGY ol DC-DC - | - o N
HARVESTER| |7 |CONVERTER  ~ —|— > » EMITTER ECEIVER
A
TCONTROL BIT
»| BATTERY S Ei R
”1 MONITOR

Figure 13: Design 2 Block Diagram

6.1. Design 2 Proposal

The MAX6433 allows to monitor the voltage across a capacitor. The external circuitry
required for its correct use has been designed following the recommendations on its Data
Sheet [19].

We can see the schematic of the circuitry required for the MAX6433 in Figure 14:
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Voo

R1

R2

R3

Figure 14:

6.1.1. Design 2 PCB

The MAX6433 can provide an output bit that is HIGH when it crosses a high voltage thresh-
olds and LOW when it crosses the low voltage threshold. These thresholds are adjustable
with the help of external circuitry.

Figure 15 shows the schematics of the PCB of the second design, which combines the
schematic of the PCB of the first design [Figure 4] with the schematic required for the
MAX6433 battery monitor [Figure 14] . Figure 16 shows the actual design of the second

board.

Voo
MAXIV
MAX6433
LTHIN
HTHIN

(B0

GND

— LBO

MAX6433 Schematic [19]
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Figure 15: Design 2 Schematic
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Figure 16: Design 2 Printed Circuit Board
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6.1.2. Design 2 Component Selection

Table 2 showed the list of components required for the first design. Table 4 shows the list of
components required for the PCB of the second, this is, adding the components that have been
introduced in this chapter to the ones that were already present on the previous intermediate
design. Again, on the left column the name indicating the position of the component on
both the schematic and the board [Figures 15 and 16] is written. The second column, shows
the name of the device that corresponds into that position. The third column, shows the
value of each component regarding the TEG board, while the right column shows the value
corresponding to the solar cell board.

Name Device TEG value Solar Cell value
C1 C0603 1 [nF] 10 [nF]
C2 C0603 330 [pF] 330 [pF]
CIN C1206 220 [pF] 220 [pF]

CLDO C0603 2.2 [pF] 2.2 [pF|

CAUX C0603 3.3 [uF] 2.2 [pF]
L1 74488540070 / 74488540250 1:100 [Turn Ratio] 1:20 [Turn Ratio]
JP1 PINHD-1X1 1 [Pins] 1 [Pins]
JP2 PINHD-1X2 2 [Pins] 2 [Pins]
JP3 PINHD-1X3 3 [Pins] 3 [Pins]
J1 104188-0210 2 [Contacts] 2 [Contacts]
J2 104188-0210 2 [Contacts] 2 [Contacts]
R4 R0603 0 [Q] 0 [Q]

R5 R0603 0[] 0[]
R6 R0603 0 [Q] 0 [Q]
R7 R0603 0 [©] 0[]

CcouT C1206 100 [pF] 100 [pF]
BT1 KXOB25-05X3F Not used Not relevant
BT2 KXOB25-05X3F Not used Not relevant
U2 MAX6433 Not relevant Not relevant
R1 R0603 3.6 [MQ)] 3.6 [MQ]
R2 R0603 560 k] 560 k]
R3 R0603 1 [MQ] 1 [MQ)]

PINLBO PINHD-1X1 1 [Pins] 1 [Pins]

Table 4: Design 2 Bill of Materials

The selection of the components from row 1 (C1) to row 18 (BT2) has been explained in

Subsection 5.1.2.

U2 represents the MAX6433 device, which is the monitor that has been chosen for the

project.

R1, R2 and R3 are three resistors required for the monitor, whose values have been
calculated following the recommended steps on the MAX6433 Data Sheet [19]:
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_ VrREF— * RrOoTAL (5)

R3
VrripHIGH

For Equation 5, we can choose a value for Rrorar, as long as it is equal or lower than
5M(). The chosen value for this project is 5MS), in order to reduce losses. Vrpr_ is equal
to 0.585 V and we want Vrrrpmram to be 3 V (the reason for not choosing 3.3V is to leave
some margin to ensure LBO output can be turned high). This leaves R3 = 975k).

_ Veery ¥ Rrorar

R2
VrripLow

R3 (6)

In Equation 6, Vrpr+ is equal to 0.615 V, and we want Vrrrprow to be 2 V. This leaves
R2 = 562.5k€).

Rl = Rrorar, — R3 — R2 (7)

Equation 7 leaves R1 = 3.4625M Q.

However, the resistors available in the laboratory where the project is taking place have
been used, to avoid buying new ones. The most similar values to the calculated ones were:

e R1=3.6MQ
o R2 = 560k02
e R3=1MQ

Returning to Equations 5 and 6 we get that our actual maximum and minimum voltages
should be of 3.02 V and 2.03 V, respectively.

PINLBO is a male header pin for the output bit of the monitor. Its voltage is HIGH when
COUT is charged enough, and LOW while it is charging up.

6.2. Design 2 Testing and Characterization

With the second PCB designed, we can now test the performance of the combination of the
voltage converter block together with the voltage monitor block.

6.2.1. Maximum Transmit Burst Rate

Following the LTC3108 Data Sheet [23], the maximum transmit burst rate could be calculated
with Equation 8:
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T — C'OUT * Vmaxdrop (8)
Icnc — loursLeep

Where Ipyrsreep is the total current drawn from VOUT in the sleep state. Neither this
current nor Iogg are known. However, with the help of the monitor, it is possible to know
when the capacitor is charged enough to start a transmission.

Maximum Transmit Burst Rate Set Up

Figure 17 shows the set-up required for measuring the maximum burst rate. Connecting
the LBO pin (which is high once the capacitor is charged enough, and turns low when
the capacitor discharges too much) to a transistor, it is possible to periodically charge and
discharge the 100 pF capacitor in parallel to the one included in the design, and whose value
is also 100 pF. Using an oscilloscope it is possible to measure how big the time lapse between
tranmission is (equivalent to the time it takes the voltage across the capacitor to go from the
low threshold voltage to the high one).

0

—— 100 uF
VIN il LBO T . Oscilloscope
DC-DC MONITOR
CONVERTER
GND GND
Hot side

313

6.11Q
Resistor

DC Voltage
Supply

Figure 17: Maximum Transmit Burst Rate Measurement Set-Up

Maximum Transmit Burst Rate Results

Lowering the supplied DC voltage, we can reduce the temperature gradient. The Maximum
Transmission Rate has been measured for 3 different temperature gradients.

Figure 18 shows that with a 0.7 K temperature gradient, the system can endure a maxi-
mum transmission rate of 10 seconds.
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Figure 19 shows that with a 0.45 K temperature gradient, the system can endure a
maximum transmission rate of 30 seconds.

Figure 20 shows that with a 0.3 K temperature gradient, the system can endure a maxi-
mum transmission rate of 60 seconds.

Time Between Transmissions for AT = 0.7 K

3.24V 1
()
(®)]
S
e
>
5
e
=
@)
2.02Vt s L 3
Os 9.81s 19.46 s
Time (s)

Figure 18: Approximately 10 second Transmit Burst Rate with a 0.7 K gradient
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Time Between Transmissions for AT = 0.45 K

3.22V

Output Voltage (V)

2.04Vt

Os 29.03 s 60.82 s 92.29 s
Time (s)

Figure 19: Approximately 30 second Transmit Burst Rate with a 0.45 K gradient
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Figure 20: Approximately 60 second Transmit Burst Rate with a 0.3 K gradient
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6.3. Summary and Redesign Criteria

In this chapter a design that includes the voltage converter module, the energy storage
module, and the voltage monitor module has been presented and successfully validated for a
TEG. An equivalent design has also been built for the solar cell, but again the desired results
were not obtained. With the presented design the maximum transmit burst rate has been
calculated.

The next chapter describes the third intermediate design. Following an incremental
method it includes all the modules described in this chapter and the previous one (the voltage
converter, the energy storage capacitor, and the voltage monitor modules) and adds a switch
module to it. The third design has been only made for the TEG harvester, since the solar
cell has been discarded as a power source due to its issues.
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7. DESIGN 3: THE SWITCH

In this chapter, the two chosen switches are tested and characterized, to select the most
adequate for the third design, which is already a complete provisional PMU. The first, is
a NPN BJT available in the laboratory where this project has taken place. The second, is
a SN74LVC1G66-Q1, which is single bilateral analog switch manufactured by Texas Instru-
ments. In this chapter, the voltage drop across both switches in ON and OFF state has
been measured and compared. Additionally, with the provisional PMU version, the complete
long-range harvester-assisted wireless sensor node has been validated.

Figure 21 shows the block diagram of the complete system. Thick black borders indicate
that the block is included in this third intermediate design, while grey thin borders indicate
that the block is not included in the design. The diagram shows how the provisional PMU is
completed in this design.

POWER MANAGEMENT UNIT
RADIO
FREQUENCY
STORAGE >
CAPACITOR SWITCH

1

ENERGY | ococ N o o o -
HARVESTER[ | ”|CONVERTER] > —l— > o o » EMITTER ECEIVER
A
CONTROL BIT
| satTERY
> MONITOR

Figure 21: Design 3 Block Diagram: the PMU

7.1. Switch Characterization

Two set-ups, one for the characterization of each switch, are proposed. In both cases, if the
switches were ideal, the voltage drop across the resistor shown in Figures 22 and 23 should
be of 0 V when the switch is open, and 3.3 V when it is closed. The switch should be open
while the control pulse is low, and closed when it is high.
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7.1.1. BJT Characterization Set-Up

Figure 22 shows the set up used for the characterization of the BJT switch.

BJT (NPN)
AS SWITCH

\T/

33V —— OSCILLOSCOPE

CONTROL
PULSE

Figure 22: BJT Switch Characterization Set Up

7.1.2. SNT74LVC1G66-Q1 Characterization Set-Up

Figure 23 shows the set up used for the characterization of the SN74LVC1G66-Q1 switch.

T ’ALL1 s [TTvec

33V == 57712
OSCILLOSCOPE ( é [ ﬂ

ool ] |8 4 C

CONTROL PULSE

Figure 23: SN74LVC1G66-Q1 Switch Characterization Set Up

7.1.3. Characterization Results

It is possible to observe in Figure 24 that the switches do not respond the same way. Fig-
ure 24a shows the result of characterizing the BJT switch, while 24b shows the result of
characterizing the SN74LVC1G66-Q1. Both are able to completely open when the control
pin is LOW (ensuring that the current across the resistor is equal to zero). However, when
the control pin is HIGH, the voltage drop across the BJT switch is of 0.66 V (3.3 - 2.64),
while the voltage drop across the SN74LVC1G66-Q1 is negligible. In Figure 24b the voltage
changes value several times before definitively dropping to 0 V. The connections to obtain
this graph were done using a breadboard, and this anomaly is due to the cable that controls
the switch losing and regaining contact while being pulled out. This could have been solved
with a filter, but it was not considered necessary for the characterization of the switch.

It is possible to test now both switches, using the LBO output of the monitor as the
control pulse, and the DC-DC step-up converters output voltage as the voltage source.
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NPN BJT characterization (DC Voltage Source) SN74LVC1G66-Q1 characterization (DC Voltage Source)
3.32V

2.64V —
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(a) BJT Switch (b) SNTALVC1G66-Q1

Figure 24: Switch Characterization

246V NPN BJT characterization (PMU as Source) SN74LVC1G66-Q1 characterization (PMU board)
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Figure 25: Switch Testing

Figure 25 shows the result of this test. Figure 25a shows the result using the BJT switch,
while Figure 25b shows the result of using the SN74LVC1G66-Q1. Again, there is a noticeable
voltage drop across the BJT switch, while it is negligible across the SN74LVC1G66-Q1.

We can also observe that the voltage is not constant during the ON state. This is due
to the discharge of the capacitor. The LBO pin is HIGH from the moment the voltage
provided by the capacitor reaches 3.22 V, until it gets lower than 2.02 V. The time it takes
the capacitor to discharge depends on the load, which is a 2.2 k{2 resistor in this case, and
of the temperature gradient across the TEG.

7.2. Design 3 Proposal

Having chosen the SN74LVC1G66-Q1, the Design 3 has been built connecting the switch
to the second design with cables. Figure 26 shows the proposed design. To connect the
second design with the switch it is necessary to short circuit pins 1 and 5 and connect
them to the VOUT pin of the LTC3108. Pin 3 is connected to the GND of the board, and
pin 4 is connected to the LBO pin of the MAX6433. With the selected switch, the Power
Management Unit is completed, and its output is pin 2, referenced to the GND pin. Since
only one component was added to the previous design, no PCB has been built in this case.

Page 37 of 61



PMU for long-range harvester-assisted wireless sensor node

| 1 5

PMU OUTPUT —LL 2

GND

]

DESIGN 2
vouTt

LBO

GND

Figure 26: The SN74LVC1G66-Q1 Switch [21] Implementation

7.3. Design 3 Validation

A test connecting the PMU to the sensor node has been carried out to validate the third

design.

7.3.1. Design 3 Validation Set-Up

The third design has been tested connecting the output of the PMU, this is, pin 2 in Figure
26, to the 3V3 pin of the LAUNCHXIL-CC1310 Evaluation Board, and connecting their GND
pins with cables. The LAUNCHXL-CC1310 has its DIO7 pin supplying power to the sensor
module while the DIO23 pin receives the output of the sensor.

Figure 27 shows the pin distribution of the LAUNCHXL-CC1310 Evaluation Board.

N

© Pin aligns with BoosterPack pinout standard.
Make your own BoosterPack @ www.ti.com/byob

1 D 20
2 0 WM1° 19
3 [0 18
4 (» 17
5 0 16
& 0 15
7 0 [O 14
8 0 ' 13
9 zcscL’ [0 [0 12
o —R 0 I
21 D 40
22 D (e 39
23 O CS 38
24 { [0 37
25 0 L _SWO o IS
26 35
27 T™S 34
28 TCK 33
29 TDO 32
30 TDI 31

Figure 27: LAUNCHXL-CC1310 Evaluation Board [24]
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7.3.2. Design 3 Validation Results

The results of testing the third design to the rest of the sensor node was that the system
was capable of periodically sending the information read from the sensor with only a TEG
as a power supply. The temperature gradient across the TEG was generated in the same
way as in previous Set-Ups (see Figure 7) This way, the design of the PMU was successfully
validated. No extra capacitor was required for the transmissions.

7.4. Summary and Redesign Criteria

In this chapter the SN74LVC1G66-Q1 has been selected for the switch module after com-
paring both available options. With the selected switch, a third intermediate design that
completes a provisional PMU has been presented. This design has been tested and validated.
Additionally, with the provisional PMU the complete long-range harvester-assisted wireless
sensor node has been validated.

Chapter 8 presents a final design equivalent to the tested one in this chapter, but eliminat-
ing the cable connections and integrating all the modules that form the long-range harvester-
assisted wireless sensor node in a single board. Moreover, the PMU has been simplified for
its final design.

The simplifications that have been done are:

Eliminating of the 0 Q Resistors to directly connect VS1 to VAUX pin and VS2 to
GND pin (all of the pins are referred to the LTC3108)

Eliminating all the pin headers that were unused (JP1, JP2 and JP3 in Figure 16)

Eliminating the space for the solar cells (BT1 and BT2 in Figure 16)

Referencing the bottom layer to VOUT instead of VAUX (both pins are referred to the
LTC3108)
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8. PROPOSED SENSOR NODE DESIGN

In this chapter the solutions for the main objectives are proposed. First, the PCB for the
complete long-range harvester-assisted wireless sensor node is presented. The final power
management unit is integrated in that board, and it is also presented separately in this
chapter.

The proposed power management unit is suit to supply a voltage between 3.22 V and 2.04
V to a long-range harvester-assisted wireless sensor node during transmissions of information,
obtaining the energy to do so exclusively from a Thermoelectric Generator.

The design of the PMU has been done following an incremental iterative method. The
previous chapters explained the different boards that have been designed and tested before
obtaining the final design of the PMU that is presented in this chapter.

Figure 28 shows the block diagram of the complete sensor system. Blocks with thick black

borders are included in the final autonomous sensor node design, while blocks with grey thin
borders are not part of the final design.

POWER MANAGEMENT UNIT

RADIO
FREQUENCY
STORAGE NV >
CAPACITOR SWITCH
ENERGY .| bcoc . J_ . . -
HARVESTER[ | ”|CONVERTER[ . —l— > o o »| EMITTER ECEIVER
CONTROL BIT
GAS
o| BATTERY SENSOR
> MONITOR

Figure 28: Long-Range Harvester-Assisted Wireless Sensor Node Block Diagram
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8.1. The Complete Sensor Node

8.1.1. The PCB

Figure 29 shows the schematic of the design for the complete long-range harvester-assisted
wireless sensor node. This design integrates the power management unit, the circuit re-
quired to read the information of the gas sensor, and all the required pins to connect it the
LAUNCHXL-CC1310 Evaluation Board.

Figure 30 shows the final Printed Circuit Board where the emitter module, the sensor
module and the PMU module of the long-range harvester-assisted wireless sensor node are
integrated.

Figure 31 shows the final designed hardware where the all the modules for the complete
autonomous sensor are included or can be connected.
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Figure 29: Schematics of the Long-Range Harvester-Assisted Wireless Sensor Node

This board has been designed in collaboration with Aiora Etxeburua, who was in charge
of designing the sensor module, and Mario Ibarrola, who was in charge of the emitter module.
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V+ RSENS

TECNUN

Figure 30: PCB for the Long-Range Harvester-Assisted Wireless Sensor Node
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V+ RSENS
VOUT VIN GND

Sty

8
S
~
~

Figure 31: Designed Hardware
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8.1.2. Components

Table 5 shows the Bill of Materials (BOM) needed to complete the final long-range harvester-
assisted wireless sensor node. The left column specifies the module to which each of the
components belongs. The second column shows the name that indicates the position of the
component on both the schematic and the board [Figures 29 and 30]. The third column
shows a description of the component. The fourth column shows the reference name of the
component. Finally, the right column indicates the price of the component.

The selection of the components that form the sensor module has been done by Aiora
Etxeburua, and it is not the purpose of this project to explain it.

The DC-DC Converter Module, the Voltage Monitor Module and the Switch Module are
the ones that form the Power Management Unit, and therefore the focus of this work. The
selection of the components that form them has been explained in the previous chapters.
Chapter 5 explained the selection of the components corresponding to the DC-DC Voltage
Converter; Chapter 6, the selection of the components for the Voltage Monitor; and Chapter
7, the selection of the switch.
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Module Name Description Reference name Price
on board

CIN 220 pF, 1206 size capacitor ~GRM31CR60G227TME11L 0.99 €

couT 100 pF, 1206 size capacitor 12066D107TMAT2A 0.75 €

L1 1:100 turn ratio Transformer 74488540070 3.57 €

Converter C1 1 nF, 0603 size capacitor 0603YC102J4T2A 0.24 €

Module C2 330 pF, 0603 size capacitor 0603YA331JAT2A 0.28 €

CAUX 3.3 uF, 0603 size capacitor 06036D335KAT2A 0.24 €

CLDO 2.2 pF, 0603 size capacitor 06036D225KAT2A 0.16 €

Ul DC-DC Voltage Converter LTC3108IGN#PBF 9.79 €

R1 3.6 MS2, 0603 size resistor CRCWO06033M60JNEA  0.19 €

Monitor R2 560 k€, 0603 size resistor CRCWO0603560KJNEA  0.09 €

Module R3 1 MQ, 0603 size resistor CRGCQO0603J1MO0O 0.12 €

U2 Voltage Monitor MAX6433UK+T 3.97 €

owisen 1c1 Switch 1P1G66QDBVRGAQI 048 €

CS 100 nF, 0603 size capacitor 0603YC104J4T4A 0.31 €

RS 33 k€2, 0603 size resistor CRGCQO0603J33K 0.12 €

Sensor R9 3.9 k2, 0603 si.ze resi.stor CRCWO06033K90JNTA 0.13 €

Module R10 180 k€2, 0603 size resistor CRCWO0603180KJNEA  0.09 €

R11 180 k2, 0603 size resistor CRCWO0603180KJNEA  0.09 €

R12 180 k€2, 0603 size resistor CRCWO0603180KJNEA  0.09 €

IC2 Instrumentation amplifier INA350ABSIDDFR 0.59 €

J3 Lite-trap connector 104188-0210 1.18 €

J2 Lite-trap connector 104188-0210 1.18 €

J1 Lite-trap connector 104188-0210 1.18 €

Pins and PINLBO 1X1 male pin header M22-2511005 0.07 €

Connectors JP1 1X2 male pin headers M22-2511005 0.14 €

JP2 1X2 male pin headers M22-2511005 0.14 €

JP4 2X10 male pin headers 90131-0770 3.50 €

JP5 2X10 male pin headers 90131-0770 3.50 €

Total Cost of Materials on a Single Board: 33.2 €

Table 5: Final Design Bill of Materials

It is important to notice that the 104188-0210 component is no longer available on the
market, instead, the 2060-452/998-404 has been used as a reference for the price, since both
are similar products. This price was checked in Reference [25]. The rest of the prices on the
table were checked in Reference [26].

J3 is a connector where the sensor, which is a variable resistor, should be connected. J2
is the connector where the TEG can be connected. J1 is connector used only for measuring
the output voltage of the DC-DC step-up converter.

PINLBO is a pin that can be used to check if the output bit of the monitor is HIGH or
LOW.

JP1 and JP2 are each a pair of pins that can be connected together with jumpers. This
way JP1 isolates the sensor module, and JP2 isolates the output of the PMU from the
LAUNCHXL-CC1310 Evaluation Board. This board can be connected though the JP4 and
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JP5 pins.

8.2. The Power Management Unit

The previous section showed the final board where the sensor module, the emitter module
and the power management modules were integrated. In this section, the Power Management
Unit is presented separately, since this module is the main focus of the project.

Figure 32 shows the separate schematic of the Power Management Unit, and Figure 33
shows its corresponding board. It is important to notice that this board has not been built.
Figures 32 and 33 are taken from Figures 29 and 30 to only show the elements that correspond
to the PMU in the long-range harvester-assisted wireless sensor node board.
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Figure 32: Schematics of the Power Management Unit
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Figure 33: PCB for the Power Management Unit
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9. CONCLUSION

The main objective of the project has been successfully accomplished: A Power Management
Unit for the long-range harvester-assisted wireless sensor node has been successfully designed.

Additionally, the board for the complete long-range harvester-assisted sensor node has
been designed and validated.

However, not all of the specifications or secondary objectives have been fully accomplished.

9.1. Design 1: The Voltage Converter and the Capacitor

The main objective of designing a module capable of adapting the output voltage of a har-
vester has been partially accomplished. A module designed for a TEG proved to be capable
of boosting its output voltage up to 3.3 V, but the one designed for the Solar Cell did not
work. The hypothesis proposed in this work, is that the solar cell was not able to provide
enough power to make the DC-DC step-up converter start-up. A future study could analyze
if this is true, and if perhaps a different solar cell model could have worked better. Another
solution that could be analyzed is using more solar cells connected in series.

The main parameters were tested and characterized in the design for the TEG. However,
analyzing the thermal noise it was observed that it was sufficiently high to potentially have
altered the results of measuring the maximum output current with different temperature
gradients and the output capacitor charging time. The latter was in fact incoherent with
the theoretical expected result. A higher value resistor load should help the capacitor charge
faster, because less power should be consumed by the load. However, this did not occur with
the 5 MS2 and the 2 MS) resistors. Instead, the capacitor charged faster with the lower value
resistor. The hypothesis proposed in this work, is that thermal noise made the harvester
provide more power when the measurement with the lower value resistor was carried out. A
future study could analyze if this hypothesis is true. More reliable results could be obtained
in an environment where the temperature of the hot and the cold side of the TEG could be
controlled with more precision.

Since the solar cell did not work, the conclusion regarding which harvester was more
adequate is that the TEG was better suit for the purpose of the project.

The final validation of the device proved that the 100 pF included on the voltage converter
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module was enough to store the required energy for a transmission, so no extra capacitor in
parallel is needed.

9.2. Design 2: The Battery Monitor

A second board adding the battery monitor was successfully designed. Moreover, the en-
vironmental conditions that ensured that at least one transmission per minute could occur
were analyzed. Again, the results could have been more reliable if the temperature gradient
on the TEG could be better controlled.

The main parameters were tested and characterized correctly. The total value of the
resistors required for the external circuitry of the voltage monitor (the sum of the chosen
R1, R2, and R3) was slightly higher than the recommended one in the MAX6433 Data Sheet
[19]. The value with the chosen resistors was of 5.16 M2, while the recommended value was
of 5 MQ. With those resistors, theoretically the higher threshold (the output voltage of the
converter at which the output bit of the monitor turned HIGH) should be 3.02 V, and the
lower threshold (the output voltage of the converter at which the output bit of the monitor
should turn LOW) should be of 2.03 V . However, the actual measurements showed that the
output bit of the monitor turned HIGH when the output voltage of the converter was of 3.22
V, and LOW when it was 2.04 V. The first hypothesis proposed in this project to explain
this difference is that the tolerance of the chosen resistors was high enough (5 %) to alter
the threshold voltages. The second hypothesis is that the total sum of the resistors being
5.16 MQ instead of 52, as recommended on the Data Sheet, caused the difference between
the theoritical and the experimental values. Either way, no changes were made because the
real thresholds were considered adequate for our purpose. In fact, considering the available
resistors and that an objective was to maximize the value of the total resistor (to reduce
consumption), 3.02 V was the highest possible voltage value that was reachable. 3.22 V was
therefore actually a better result than the expected one, since it was closer to 3.3 V while
not being high enough to prevent the switch from closing when the capacitor reached its
maximum voltage. Nevertheless, if a less fortuitous result was desired, resistors with closer
values to the initially calculated ones, and with lower tolerances could be chosen.

9.3. Design 3: The Switch

A switch with a minimum voltage drop across it when closed, and a minimum current through
it when opened was found and added to the final design. With this final module included,
the final design of the PMU was proposed.
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10. BUDGET

In this chapter, the budget corresponding to the development of the project is presented.

10.1. Cost of Labor

10.1.1. Cost of Labor to Build Final Device

Table 6 shows the detailed costs of the workers that are required to build the final device.
The time it takes to build it is mainly related to the time it takes to solder all the components
to the PCB.

Cost of Labor to Build Final Device

Task Duration (hours) Cost per Hour (€) Total (€)
Junior Engineer 5h 40.00 € 200.00 €
Total: 200.00 €

Table 6: Cost of Labor to Build Final Device

10.1.2. Total Cost of Labor

Table 7 shows the detailed costs of the workers that have participated in this project.

Cost of Labor for the Complete Project

Task Duration (hours) Cost per Hour (€) Total (€)
Junior Engineer 300 h 40.00 € 12,000.00 €
Senior Engineer 50 h 100.00 € 5,000.00 €

Total: 17,000.00 €

Table 7: Total Cost of Labor
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10.2. Budget Summary

10.2.1. Final Device Budget Summary

Table 8 shows the budget summary to build the final device. In this table, the price of the
PCB has been determined by the estimation calculated with the help of Reference [27].

Final Device Budget Summary

Item Costs (€)
Components 33.20 €
PCB 5.19 €
Labor 200.00 €
Indirect Costs (20%) 47.68 €

Total Cost of the Final Device: 286.07 €
Table &: Total Cost of Final Device

10.2.2. Project Budget Summary

Table 9 shows the budget summary of the project.

Project Budget Summary

Item Costs (€)
Fungible Materials 1,000.00 €
Labor 17,000.00 €
Indirect Costs (20%) 3,600.00 €

Total Cost of the Project: 21,600.00 €

Table 9: Project Budget Summary
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A. VOUT CHARGING TIME GRAPHS

10 yF Capacitor In Parallel with 470 kQ Resistor

3.3V

Voltage (V)
o
<

0 V Il Il
Os 525s 10.63s
Time (s)

Figure 34: VOUT Charging Time with 10 uF Capacitor and 470 k{2 Resistor
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10 pyF Capacitor In Parallel with 1 MQ Resistor
3.3V}

Voltage (V)
o
<

oV ' '
Os 49s 9.7s

Time (s)
Figure 35: VOUT Charging Time with 10 nF Capacitor and 1 M2 Resistor

10 yF Capacitor In Parallel with 2 MQ Resistor
3.3V

Voltage (V)
o
<

oV : '
Os 484s 936s

Time (s)
Figure 36: VOUT Charging Time with 10 pF Capacitor and 2 M) Resistor
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10 yF Capacitor In Parallel with 5 MQ Resistor
3.3V
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o
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Figure 37: VOUT Charging Time with 10 nF Capacitor and 5 M2 Resistor

47 uF Capacitor In Parallel with 470 kQ Resistor
3.3V

Voltage (V)
o
<

oV : :
Os 6.656s 13.34s

Time (8)
Figure 38: VOUT Charging Time with 47 uF Capacitor and 470 k{2 Resistor
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47 yF Capacitor In Parallel with 1 MQ Resistor
3.3V

Voltage (V)
o
<

oV ' :
Os 6.73 s 133 s

Time (s)
Figure 39: VOUT Charging Time with 47 nF Capacitor and 1 M2 Resistor

47 uF Capacitor In Parallel with 2 MQ Resistor
3.3V e

Voltage (V)
o
<

oV : :
Os 6.73s 12.99s

Time (s)
Figure 40: VOUT Charging Time with 47 uF Capacitor and 2 M) Resistor
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47 uF Capacitor In Parallel with 5 MQ Resistor
3.3V

Voltage (V)
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Time (s)
Figure 41: VOUT Charging Time with 47 nF Capacitor and 5 M2 Resistor

100 yF Capacitor In Parallel with 470 kQ Resistor
3.3V

Voltage (V)
o
<

oV ‘ :
Os 9.82s 19.89 s

Time (8)
Figure 42: VOUT Charging Time with 100 pF Capacitor and 470 k) Resistor
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100 pyF Capacitor In Parallel with 1 MQ Resistor
3.3V

Voltage (V)
o
<

oV ' :
Os 9.27 s 18.36 s

Time (s)
Figure 43: VOUT Charging Time with 100 pF Capacitor and 1 M Resistor

100 yF Capacitor In Parallel with 2 MQ Resistor
3.3V

Voltage (V)
o
<

oV : :
Os 7.35s 14.34 s

Time (s)
Figure 44: VOUT Charging Time with 100 pF Capacitor and 2 M) Resistor
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100 yF Capacitor In Parallel with 5 MQ Resistor
3.3V

Voltage (V)
o
<

oV : :
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Time (s)
Figure 45: VOUT Charging Time with 100 pF Capacitor and 5 M(2 Resistor
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