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Abstract

This thesis investigates if a small vibration energy harvester and/or a
photovoltaic panel mounted on a shopping cart can harvest enough en-
ergy to power an internet-of-things device to acquire GPS position and
transmit the location over a low power wide area network such as NB-IoT
or LTE-M. In such a case, how often can we transmit and acquire position?

A demonstrator was built to measure the time spent harvesting energy
before the device could acquire GPS position and transmit. In the best
conditions the solar panel could produce upwards of 90 mW, resulting in
the device being able to transmit continuously. In the best case, the vi-
bration energy harvester produced around 16 mW, resulting in the device
transmitting every 23 seconds. In the worst case, or in other words when
there are no movement of the shopping cart or no light available for the
photovoltaic panel, it will not be able to harvest any power and therefore
never be able to gather GPS position and transmit.
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3GPP - 3rd Generation Partnership Project
Cat M1 - Category M1
Cat NB1 - Category NB1
A-GNSS - Assisted Global Navigation Satelite System
GNSS - Global Navigation Satelite System
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LTE-M - Long Term Evolution - Machine Type Communication
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1 Introduction

1.1 Background

Since the start of the internet the amount of connected devices has increased
exponentially. With the invention of wireless networks such as WiFi networks
and cellular networks, devices such as Internet of things (IoT) have become
more mobile and able to be implemented in both rural and urban environments.

Devices, micro controllers and tiny sensors are continuously getting smaller,
more powerful and more power efficient. Sensors are continuously developing,
getting easily obtainable and available, being used in various areas such as mea-
suring air humidity and monitoring ’oil in water’. By making these devices
completely wireless with a wireless network connection, and by the use of some
sort of energy storage, great benefits for implementation will occur.

IoT devices most often use a lithium ion battery as energy storage. With more
devices being implemented every year together with the fact that most lithium
ion batteries has a lifetime of about 3-5 years, the environmental and financial
impact of changing or replacing these batteries increases accordingly.

In mobile IoT devices development, being able to communicate both wirelessly
and power efficiently are two of the most important areas in development of
mobile IoT devices. Today there are a lot of options for low power commu-
nications such as LoRaWAN, Sigfox, Bluetooth low energy, WiFi, LTE-M and
NB-IoT. These network options all have their pros and cons depending on the
deployment circumstances of the network.

Nordic semiconductor is a company that specializes in low-power wireless IoT
devices. The nrf9160dk (devkit) is built around the nrf9160 system-in-package
(SiP) which incorporates an arm cortex m33 application processor and have an
integrated modem supporting low power area wide area network (LPWAN) such
as LTE-M, narrow band-IoT (NB-IoT) and GNSS. It provides a programmer
multiple user programmable buttons, LEDs and switches and many general pur-
pose input/output pins (GPIO) . The thingy91 is also based upon the nrf9160
SiP but compared to the nrf9160dk it provides user programmable peripherals.
The thingy91 is powered by a lithium ion battery, have more sensors such as
accelerometers and environmental sensors. The thingy91 is also more power
efficient since it does not have to power a programmer.

1.2 Motivation

Mobile IoT devices today usually runs on some sort of lithium ion batteries due
to their high energy density. These batteries will eventually either have to be
charged or replaced because of a bad capacity retention or self discharge. Using
a super capacitor which is continuously charged by an energy harvester can last
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much longer. This along with using a 3GPP standard wide area network such as
LTE-M results in an long lived IoT device that could be implemented without
proprietary network solutions in both rural and urban areas.

1.3 Problem definition

It is possible to harvest enough energy using a small energy harvester mounted
on a shopping cart to power a thingy91 to get a geographical position and send
it over a low power wide area network? Furthermore, how often is it possible
to get geographical position and transmit over low power wide area networks
using harvested energy? The harvested energy should not be acquired from a
dedicated energy source but should instead harvest energy that otherwise would
be wasted.

To address these questions, a prototype will be built on a shopping cart to
demonstrate this problem. The prototype will have a screen showing the volt-
age of the energy storage and a backend visualizing the geographical position
sent.

1.4 Sustainability

Though producing IoT devices are never environmentally friendly, discarding
a lithium ion battery in IoT devices could get IoT devices to become more
sustainable. IoT devices without lithium ion batteries would result in less water
being wasted in the excavating of lithium, there would be less non-recycled
lithium waste and decrease the amount of leaked chemicals from the lithium
mines.[27]

1.5 Delimitation

Due to time constraints and Ericsson prioritisation of this project some areas
were not investigated during the development of this prototype:

• Other network solutions, such as LoRaWAN, Sigbee, WiFi or Bluetooth
to see if it is less power consuming than the NB-IoT and LTE-M.

• Other positioning solutions, such as RSSI indoor location or LORAN.

• Using a piezo electric vibration energy harvester, piezo electric vibration
harvesters have a much wider response frequencies compared to electro
magnetic vibration harvesters.

• Rust implementation of the application, Rust is continuously getting pop-
ularity in embedded systems development since it can guarantee both high
performance and security.

One other consideration that was discarded which would be very important in
building a real product is the cost of different components, harvesters, micro-
controllers and capacitors.
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2 Related work

2.1 Energy harvesters

Energy harvesters are small devices that harvest power from its surroundings.
The energy often comes from kinetic energy, photovoltaic/light energy, heat
energy, radio energy or electromagnetic induction. The amount of power deliv-
ered by these harvesters is usually very small and therefore used for low powered
devices or sensors.[12]

2.1.1 Kinetic energy harvester

Kinetic energy harvester generates electric energy from vibrations of the har-
vester itself. Kinetic energy harvesters are therefore often called vibration en-
ergy harvesters or VEH. They are divided into three different groups based on
their working principle:

• Electromagnetic harvesters

• Piezoelectric harvesters

• Electrostatic harvesters

Electromagnetic

Electromagnetic are the most common type of kinetic energy harvesting because
of its price per output compared to the other groups of harvesters. Electromag-
netic harvesters uses a magnet that oscillates within a wire coil. The movement
of the magnet induces an altering current in the coil, see Figure 1. The vibration
frequency must correspond to the resonant frequency of the magnet in order to
generate electricity, see Figure 2. [49]
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Figure 1: Workings of a electromagnetic energy harvester[49]

Figure 2: Plotted power output of a VEG-60 vibration energy harvester at
different frequencies oscillating with different acceleration[49]

Note that electromagnetic energy harvesters can only harvest movement go-
ing in one dimension. This in conjunction with the output of the harvester
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being heavily dependant on the frequency of the kinetic vibrations, makes elec-
tromagnetic harvesters only applicable in specific cases.

2.1.2 Photovoltaic energy harvester

Light harvesters operation is based on the photovoltaic effect. When a semi-
conductor PN junction is hit by light photons, part of their energy is absorbed
by the semiconductor material releasing free electrons and creating an electric
potential across the union. If the circuit is closed this voltage will generate a
current flow through the circuit that goes from the N semiconductor terminal
to the P terminal, see Figure 3. Light energy harvesters are more commonly
known as solar cells or solar panels.[5]

Figure 3: High level workings of a photovoltaic cell[5]

As of 2020 the energy conversion efficiency for solar cells ranges from 13.0%
to 47.1% for different technologies, according to USA’s National Renewable
Energy Laboratory[5], see Figure 4. The conversion efficiency describes how
much of the absorbed light energy is transformed to electric energy by the solar
cells under best operating conditions.
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Figure 4: Evolution of energy conversion efficiency for different solar cell tech-
nologies[5]

Like other types of harvesters, the generated output power for solar cells
depends on many different factors. However the most crucial is the exposure
to a high-power light source, which may not be the case in indoor environ-
ments. Despite this, Nordic Semiconductor they were able to harvest 244µW
in an indoor environment with 560Lx illuminance, using a generic 6x6cm solar
cell, according to information provided by Nordic Semiconductor blog post[33].
The generated power from the cells is also dependent on the perpendicularity
of the solar panel to the light source, as well as temperature and environmental
conditions (e.g. clouds, rain or dust).

Solar cells can be found in all sort of sizes, formats, and output powers from
a few tenths of micro Watts to hundreds of Watts. In the scope of low-power
IoT devices panels with up to 0.5W of output power can be found for dimen-
sions less than 10x10cm.[48] The main disadvantage of light energy harvesters
for very long lifespans is the ability of the transparent layers that protect the
cell’s photo sensitive material to keep their transparency and light absorption
properties over the product lifespan.

2.1.3 Heat energy harvesting

Heat energy harvesters generate energy in one of two ways, either from tem-
perature differences of two surfaces (thermoelectricity) or from temperatures
fluctuations over time (pyroelectricity).

Pyroelectric generators or PEGs generates energy from fluctuations of the tem-
perature of the harvester over time in form of heating and cooling cycles. Today,
this technology is being researched and there are no available commercial solu-
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tions yet[13].

Thermoelectric generators, TEGs or also known as Peltier cells, generates en-
ergy using the Seebeck effect. The Seebeck effect is when two semiconductors
with different temperatures produces an electrical potential between them.[13].

Figure 5: Schematic representation of a thermoelectric generator (TEG).

To maximize the Seebeck effect power output the TEGs are typically con-
structed of several thermocouple unions using materials that have low electri-
cal resistance but high thermal resistance, an example of such material is the
semiconductor Bismuth-telluride. These unions are sandwiched in between two
ceramic plates, see Figure 5. By maintaining each plate at a different temper-
ature, an electrical current can be extracted from the terminals. Maintaining
the difference in temperature is crucial since both sides would reach the same
temperature overtime due to heat transfer through the materials. The opera-
tion of TEGs can be reversed to act as an electric controlled cooling or heating
element in which is known as the Peltier effect.[13]

TEGs generally has a comparatively low energy conversion efficiency which
ranges between 1% to 15% depending on the source of information. Conversion
efficiency is also directly proportional to the temperature difference between
sides. Despite this, due to their flexibility and scalability potential, commercial
TEGs can be found with power output ranging from the teens of microWatts
to multipe milliWatts per degree of temperature difference depending on con-
struction and dimensions.

Main advantages of TEGs are their solid-state construction (lack of moving
parts), and great scalability. However, they lack on energy conversion efficiency
and power output, especially for small temperature differentials, see Figure 6.
On top of that they can be quite fragile and must be installed properly to ensure
very good heat transfer.
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Figure 6: Device characteristics and performance metrics for of the shelf ther-
moelectric generators[30]

2.1.4 Radio frequency energy harvesting

Radio frequency energy harvesting captures radiated electromagnetic energy,
such as those generated by digital TV, LTE, Wifi transmissions, through an
antenna. Since this project anticipates to create an energy neutral IoT device
it will focus be on harvesting energy from ambient sources and not harvesting
energy from a dedicated transmitter. Note that energy can only be harvested
when data is transmitted which is not always the case depending on the type of
signal.[28]

The signal strength is highly dependent on the terrain and the distance be-
tween the transmitter and receiver.

Figure 7: Free space path loss vs range[28]
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Lower frequency signals are less attenuated over greater distances, but we
can see in Figure 7 both signal strengths fall off quite fast in the first 250 meters.

Figure 8: Measured power levels that could be exploited by an radio frequency
harvesting circuit[28]

Figure 8 describes the measure power levels of different transmissions and
frequencies, where the radio transmitter is 6.5 km away and has a transmitting
power of 100 kW. Note that this is direct line of sight and free space. In an
urban environment there is many different types of transmissions and therefore
more possibilities for harvesting radio frequencies but there is also a lot more
obstacles which will lower the signals strength.

A master thesis project tested radio frequency energy harvesting at frequen-
cies of 0.8, 0.9, 1.8 and 2.4 GHz (at the same time) at four different locations
in Sweden[43], see Figure 9.

Figure 9: Descriptions of locations tested in the master thesis project[43]

9



Figure 10: Recieved power from the different locations presented in the master
thesis project[43]

Results shown in figure 10 describes both maximum and average energy har-
vested. In these measurements we can see that the distance greatly affects the
signal strength and therefore the harvested energy. As we can see be the mea-
surements taken in a city environment (Location 4), the effects of terrain and
structures decreases the energy harvested.

Comparing the energy harvested from ambient non-dedicated radio frequency
signals in the two papers, we can conclude that the harvested energy is highly
dependent on the receiver’s location and surroundings as well as the transmit-
ters transmitting power. Maybe this could be used as a stable source of energy,
but the scenario seems very niche.

2.1.5 Electromagnetic induction

Electromagnetic induction harvests energy according to Faraday’s law. When
a coil is placed within a changing magnetic field a current will be induced to
the coil. See Figure 11 for an example setup for an electromagnetic induction
harvester.

Figure 11: Example of setup on an eletromagnetic induction harvesting device.
[46]

The master thesis “Power Line Induction Energy Harvesting Powering Small
Sensor Nodes”[46] used six different types of inductors to harvest a power line
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with a current of 13A, voltage of 230V oscillating at 50Hz (typical household
electric installation), see Figure 12. Different inductor dimensions and core
material were used and placed “close” to the power line. The harvested power
for each inductor and core combination in mW can be seen in Figure 12.

Figure 12: Description the measured power levels, in mW, from six types of
inductors using different cores, harvested on a 230V 13A 50Hz transmission line

An induction harvester can be a highly stable, cost effective and high-power
harvesting system. However, the use case of it only applies to niche applications
since it needs to be located near a current carrying structure, making it a main
disadvantage of induction power.

2.1.6 Summary of harvesters

There is no universal solution for energy harvesting that can meet the energy
requirements and operating environments of all kinds of applications. Some
technologies are better suited than others for particular cases.

Light harvesting seems to be a strong option for many use cases as it generates
a considerable amount of energy as long as it receives enough light. Vibration
harvesters also show considerable power generation capability but depend on
resonance operation, thus their output would be greatly reduced for scenarios
with random vibration patterns.

Heat harvesting using TEGs is also able to deliver “high” energy levels, but
care must be taken to ensure a continuous temperature gradient over time. Ra-
diated radio frequency harvesting would only be feasible for ultra-low power
applications and new technologies have be developed to enable wireless com-
munications powered by it. Lastly, electromagnetic inductive harvesting could
perhaps harvest the highest amount of energy compared to the other options
but is completely dependent in the presence of strong oscillating electromagnetic
fields and correct placement of the device.
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Considering the purpose of this master thesis, the most suitable option would
be kinetic and light energy harvesting due to their output power levels and
availability on the application’s environment. Kinetic energy would be present
in the vibration of the shopping cart structure while moving, whereas light en-
ergy would be provided by sunlight when the cart is outdoors and artificial light
when indoors.

2.2 Energy storage

Since none of the harvesters are reliably able to provide an IoT device with
enough constant power, an energy source is needed to store the harvested en-
ergy. Batteries and super capacitors are two ways of storing electric energy.
When comparing batteries and super capacitors, the following factors have been
recognized as the main considerations:

• Energy gravimetric density

• Capacity retention

• Lifespan

• Materials

2.2.1 Energy gravimetric density

Energy gravimetric density is a unit that describes how much energy per weight
an energy storage has. Energy gravimetric density is often measured in Wh

Kg .

Figure 13: Diagram of energy gravimetric density of different kinds of batteries
and super capacitors
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In several comparisons of the energy gravimetric density of batteries with
different chemical compositions and super capacitors, the lithium based batter-
ies was concluded to have the greatest energy gravimetric density. The super
capacitors energy gravimetric density was not even comparable to the nickel
based batteries with a density of around 3 Wh

Kg , see Figure 13. Data gotten from

[35] [42] [19] [20] [21] [22] [23] [3] [39] [4] [7] [38] [11] [18] [2] [1] [37]

2.2.2 Capacity retention

The main issues with batteries compared to super capacitors are that batteries
capacity retention decreases during cycles of charges and discharges.

In figure 14 the capacity retention of a litium ion battery is depicted over the
number of charging cycles. There are multiple graphs describing the capacity
retention after being charged and discharged between different states of charges
at temperatures around 30 degrees Celsius. One can see that the degradation is
not as strong when only cycling closer to a state of fully discharged compared
to close the state of fully charged.[51]

Figure 14: Capacity retention versus the number of cycles[51]

According to vendor data sheets the super capacitors capacity retention is
vastly greater than the batteries capcity retention.

2.2.3 Materials

A lithium ion battery, depending on the chemistry used, often contains lithium,
cobalt, nickel and copper. These metals are not generally considered toxic, es-
pecially compared to lead and cadmium batteries. The extraction of lithium
on the other hand is a hazardous process. Lithium extraction consumes 500
000 gallons of water per ton of lithium [36]. On multiple occasions dead fish
have been reported as a result of toxic chemical leak of different lithium mines.
Furthermore, recycling of lithium batteries is not common (e.g. only about
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2% of Australia’s lithium waste is recycled). This is because degraded lithium
cathodes cannot be reused in batteries and there is no efficient way of turning
batteries into the raw metals again.[36]

One of the biggest advantages for supercapacitors is the life span, which so
much better than batteries. This contributes to less waste and less extraction
of possibly toxic materials [9]. Supercapacitor’s chemistry, just like batteries,
differs greatly between different types of supercapacitors and therefore has dif-
ferent environmental impacts. Metallic supercapacitors are generally regarded
as containing materials that are very toxic towards the environment, but su-
percapacitors based on carbons and polymers are considered “environmentally
safe”. Note that we have not found data on the recycling of supercapacitors. [41]

Hence, in an environmental perspective, the carbon and polymer-based super-
capacitors are the best choice for this project.

2.3 Low power communications

There are a lot of network communication options for low power embedded
systems such as are LTE-M, NB-IoT, Bluetooth low energy, Bluetooth mesh,
Wi-Fi, Wi-Fi HaLow, LoRaWAN, Sigfox, Zigbee and MIoTy. The main net-
works investigated has been LTE-M, NB-IoT, Bluetooth low energy, Sigfox and
LoRaWAN. The important characteristics of a low power network are availabil-
ity and power consumption. The availability of a network is primarily decided
by the coverage of a base station and the implemented infrastructure available
of that network. The power consumption of a network is mainly dependant
on the energy management and the data throughput. Therefore the areas of
comparison have been focused on coverage, data throughput and energy man-
agement.[24]

2.3.1 Infrastructure and coverage

The coverage of a network is dependant on many factors such as transmission
power of both the base station and the connected node, what network band they
are communicating over, sensitivity of the antennas, the present environment
and the number of base stations.

LTE-M and NB-IoT LTE-M and NB-IoT has a big advantage to other
networks in regards of coverage, since it is based upon a 3GPP standard and
uses the already available LTE base stations. This can be seen by a coverage
map provided by Telia, both their LTE-M and NB-IoT network has a good
coverage over Stockholm, see Figure 15 and 16.
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Figure 15: Telia LTE-M network coverage[45]

Figure 16: Telia NB-IoT network coverage[45]

LoRaWAN

LoRaWAN network is available in 160 countries[32] worldwide. However, it is
mostly available as smaller local installations. As of this, it would not be a
reliable network unless a LoRaWAN base station would be deployed nearby.
A LoRaWAN base station can provide up to 15 km of range according to
”Semtech”[50].

Sigfox

Sigfox network is available in 70 countries[32] worldwide. However, the number
of base stations per country is not high enough to be regarded as reliable,
especially in rural areas. A Sigfox base station can provide up to 40 km of
range[29].

Bluetooth low energy and WiFi

Bluetooth low energy and Wi-Fi are made for local and personal networks,
hence, it does not support nearly as big of a coverage. Wi-Fi supports up to
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about 200 meters and Bluetooth low energy is in the range of 10s of meters.
Bluetooth mesh can solve the range issue of Bluetooth but requires all nodes to
always be active or make use of “friendships” where an always on node (relay
node) stores requests to low power nodes that might be in sleep mode.

2.3.2 Data throughput

The data throughput, or data rate of a network, has a big impact on the overall
power consumption of a modem since the data rate is directly affecting the
time the modem is active. See Figure 17 to see data rate of different network
technologies.

Figure 17: Sensitivity, data rate, spectrum strategy of different networks ac-
cording to [34]

2.3.3 Energy management

Managing the power consumption of a network modem is crucial when trying
to use as little energy as possible. All networks investigated has some sort
of low power modes or allows the user equipment to sleep to lower the power
consumption when the modem is not either transmitting or receiving data.

LTE-M and NB-IoT

Both of the 3GPP standard networks LTE-M and NB-IoT has two different low
power modes, power saving mode (PSM) and extended discontinuous reception
(eDRX). 3GPP also specifies an energy saving feature called release assistance
indication for both networks.

In PSM this is achieved through putting the modem into dormant mode where
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it cannot receive any traffic, however it can at any time wake up and transmit
data. After each transmission the modem might go into a active window where
the modem is reachable for a while until it goes back to dormant mode. If it is
dormant for too long the modem must wake up to send a tracking area update
(TAU)[8], see Figure 18 The duration of the active window and the TAU inter-
val is requested by the modem on first connect but regulated by the network
operator.

Figure 18: Illustration of power saving mode (PSM)[8]

The eDRX also achieves lower power consumption by the modem while still
being able to receive incoming data. This is done through a permanent paging
interval where it can receive messages which is queued by the core network,
see Figure 19. A larger duration between different pages causes lower power
consumption, but the latency of the data increases. How often the modem
should page is also requested by the modem on first connect but regulated by
the operator[8].

17



Figure 19: Illustration of extended discontinuous reception (eDRX)[8]

A possible problem for the 3GPP networks energy management and con-
sumption is the network timers that describes the connection characteristics of
the modem. The main ones are:

• RRC - For how long the radio resource control should be active after a
modem activity.

• idle mode Discontinuous Reception (iDRX) duration - For how long the
iDRX should last after a transmission.

• idle mode Discontinuous Reception (iDRX) page interval - How often the
modem should page during the iDRX.

• extended Discontinuous Reception eDRX duration - For how long the
modem should stay in sleep mode between pages.

• TAU - For how long can the modem be in PSM mode before it needs to
wake up to do a tracking area update.

Most of these timers can be requested to the network (except RRC timer), but
there is no guarantee that the requested timers will be received because they
are regulated by the operators themselves. These timers have a great affect on
the power consumption of the modem.

Release assistance indication or RAI released in 3GPP release 14.RAI is a way
for the UE to reduce the radio resource control connection time by telling the

18



network that it does not expect any more downlink or uplink communication.
There are two main configurations of RAI:

• No more uplink or downlink - Often used in connectionless network pro-
tocols such as UDP

• A single downlink transmission and no more transmission - Used when the
network expect a response or acknowledgement, i.e. TCP

LoRaWAN, Sigfox, Bluetooth low energy & WiFi

All the networks above support the network modem to go into sleep mode and
turn off the radio when not transmitting or receiving any data. This means that
the user equipment itself has full control over the modem status and therefore
the power consumption.[24]

2.4 Network communication protocol

No matter what type of network the user equipment uses one can choose multiple
communication protocols in both the IP layer and the application layer. The
main considerations of choosing a network protocol to use for the user equipment
is purpose, overhead and reliability. The main protocols investigated in this
thesis are:

• User datagram protocol (UDP) [Transport]

• Transmission control protocol (TCP) [Transport]

• Constraint application protocol (CoAP) [Application]

• Message queuing telemetry transport (MQTT) [Application]

2.4.1 User datagram protocol (UDP)

User datagram protocol or UDP is a simple transport layer protocol with low
overhead, see Figure 20. UDP does not provide any reliability but does provide a
checksum in the UDP header that is used to make sure the data is not corrupted
over transmission. [15]. UDP does not require any communication prior to
sending data and can send data directly with one packet.
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Figure 20: UDP packet

2.4.2 Transmission control protocol (TCP)

As UDP, TCP is an Transport layer protocol.In contrary to UDP, TCP is made
to ensure reliability of packets using the larger TCP header[40], see Figure 21.

Figure 21: TCP packet[14]

Prior to sending data the two involved machines must synchronize by doing
a so called handshake, see Figure 22. The handshake is consistent of three
messages without data: a SYN message from machine 1, a SYN ACK from
machine 2 followed by a ACK from machine 1 when sending data from machine
1 to machine 2. The type of messages is determined by the active bit(s) in the
”flags” part of the header. This handshake is made before all transmissions to
ensure a working connection.
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Figure 22: Initial TCP handshake[14]

All data that is sent contains a sequence number which must be acknowl-
edged by the receiving machine to keep track of which packets that has been
received successfully or not, see Figure 23.

Figure 23: Sending data over TCP

Using these acknowledgements and sequence numbers together with timers
a machine can understand if packets get lost and do a retransmission.

Compared to UDP, TCP adds a lot of overhead, both in the actual TCP header
and in the number of transmissions to get the data to the other end.

2.4.3 Constraint application protocol (CoAP)

CoAP is an application layer protocol made for resource constraint devices. It is
a one-to-one communication protocol based upon the request-response model[16]
It is similar to HTTP but ensures less overhead, see Figure 24. Unlike HTTP
the underlying transport layer protocol used is UDP[47].
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Figure 24: CoAp vs HTTP header size[17]

2.4.4 Message queuing telemetry transport (MQTT)

MQTT is an application layer protocol that makes use of the publish/subscribe
architecture [31]. The concept is that the system consists of a group of clients
and brokers. The clients can both subscribe and publish to a brokers topic.
When a broker receives a publication to a topic it sends data out to all of the
topics subscribers. See Figure 25

Figure 25: Publish subscribe architechture[31]

The message will be stored until all receivers have received the message.
The underlying transport layer protocol used is TCP. This means that MQTT
ensures that the data will be received by a subscriber even if the packet is lost
in the air or the device itself is currently not listening.

2.5 Global navigation satellite system (GNSS)

Global navigation satellite system or GNSS is a system that provides a user with
precise position. This is done with triangulating the distance to a minimum of
three satellites with known positions. The distance is calculated by the speed
of a transmission (speed of light i.e. radio frequency transmission) and the time
of arrival of a transmission:

distance = c ∗ (treceived − tsent)

The time of received transmission, treceived, is not accurately known. This is
calculated through a fourth satellite[44]. This data is then returned to the user
as PVT (position, velocity and time) data.
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There are multiple GNSS systems available with this implementation across
the globe. GPS, GLONASS, Beidou and Galileo are the most common ones.
The main problem with GNSS is the first time a device is acquiring a fix. This
is referred as Time-to-first-fix (TTFF) or a ’cold start’ and can take a lot of
time which corresponds to a large power consumption[6].

There are services to fix this ’cold start’ issue called assistance GNSS. This
works by receiving time and ephemeris satellite data over the internetwork in-
stead of the satellite communication link. The networks bandwidth is vastly
greater than the satellite connection which results in a much better TTFF or
’cold start’.

2.5.1 Carrier-to-noise density (CN0)

Signal-to-noise ratio, or SNR, is as the name states the ratio between the signal
strength and surrounding noise in a certain bandwidth measured in dB. Carrier-
to-noise density is measured in dB/Hz and is the ratio between carrier power
and noise power density which is the noise power per hertz[26].
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3 Methodology

The main purpose of this project was to design and create a prototype that
could acquire GNSS position and transmit over LTE-M or NB-IoT, by using
harvested energy that otherwise would go to waste. As presented in chapter
2, a research overview of related areas was done to collect relevant knowledge.
The research overview resulted in four main considerations for this project:

• What harvester(s) to use

• What network to use

• What network protocol to use

• What network timers to request

3.1 Current measurement

To measure the current consumption of the nrf9160 SiP the nordic semicon-
ductor power profiler kit 2 (ppk2) were connected to the nrf9160dk. Using the
nordic semiconductor power profiler v3.4.2 software the current consumption
could be recorded. The measurements only measures the consumption of the
nrf9160 SiP and not the whole board.

Figure 26: Ppk2 connected to the nrf9160dk

Measurements was made by programming small test programs that only
does one particular thing. The test programs made was:

• Network connect and attach
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• Network transmission using TCP

• Network transmission using UDP

• GPS acquisition

3.2 Harvesters

Based on the research of related work, the types of harvesters best suitable for
the prototype is an electro magnetic vibration energy harveter, a photovoltaic
panel or a combination of both depending on the harvesters power output. The
harvesters power output was measured under different circumstances. To ana-
lyze the output, a python script was created to do calculations to convert the
voltage to power and energy. The oscilloscopes used was tested to make sure
that they were calibrated correctly.

To measure the vibration energy harvester power output, two setups was cre-
ated. Firstly an indoor setup using a sin wave generator connected to a vibrator.
The output of the VEH was then connected to an oscilloscope.

Figure 27: VEH mounted on a vibrator powered by sine wave generator

The indoor setup was to test the power output at different loads, frequencies
and accelerations.
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An outdoor setup was also created where the vibration energy harvester and a
thingy91 was mounted on the shopping cart. The thingy91 was programmed to
work as an accelerometer that logged vibrations from the shopping cart and was
connected to a computer in the shopping cart. A mobile usb-connected oscillo-
scope (called PicoScope 2206B) was also connected to the computer, measuring
the VEH output.

Figure 28: Outdoor setup
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Figure 29: Thingy91 and vibration energy harvester mounted on the shopping
cart

The outdoor setup was used to measure the shopping cart vibration char-
acteristics and the power output of the VEH. The data was gathered from the
vibrations generated by the shopping cart being walked over asphalt at differ-
ent speeds. In all measurements of the VEH there was a load of 100 Ohms
connected to the output of the harvester.

3.3 Networks

Since this project is a co-operation with Ericsson our network choices were
limited to either LTE-M or NB-IoT.
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Figure 30: Ericsson LTE Radio
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Figure 31: Antennas put into the an isolated box

To be able to choose between these two networks, a network was setup in a
box isolated to radio frequency interference where full control was obtained over
the network. The power consumption of low power modes and transmissions
was then measured with the two networks using different network timers and
network protocols. The radio and and the inside of our isolated box is shown
in pictures 31 and 30.

3.4 Mounting bracket

Since the shopping cart is vibrating quite a lot when moving, all components,
except the vibration energy harvester, was mounted on a suspended bracket to
avoid damaging the components. All components were visible for demonstrating
purposes. A LTE connected tablet was used to visualize the positional data and
the voltage of the energy storage.
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Figure 32: Idea of the mounting bracket
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4 Current measurements

To get an understanding of the power consumption, a series of current mea-
surements were made for different parts of the network segments and GNSS
acquisition. All current measurements are measured on the nrf9160dk usin the
Nordic Semiconductor power profiler kit 2 (ppk2). The power profiler kit 2 only
measures the current consumption of the nrf9160 SiP and not the whole board
with all it’s peripherals. The ppk2 is sampling the current at a sampling rate
of 10 000 samples per seconds. The supplied voltage during the measurements
is constant at 5V. The GPS acquisition time is very inconsistent, the time can
be all from 1 second to over 40 seconds depending if it is a hot start, cold start,
the angle of the antenna and the environmental conditions. Even though the
GPS acquisition time is very inconsistent the current consumption is consistent
during this interval. The times of different network segments, for instance the
continuous mode Discontinuous Reception (cDRX), is regulated by the operator
of the network itself and can only be requested by the application. As of this,
the times are of less importance compared to the current consumption itself.

4.1 Cat NB1 - transmission (UDP)

In the figure below the current consumption of transmitting a payload with
the size of 64 bytes as a UDP packet over a NB-IoT network is shown. The
measurements starts with the initial connection and tracking area update (TAU)
followed by a big spike in consumption which is the transmission, finally a long
constant consumption which is the continuous mode Discontinuous Reception
(cDRX). The iDRX duration timer is set to 0 and therefore not present in this
measurement. In the right corner the charge consumed by the grey highlighted
area is measured at 194.93 milliColoumb (mC).

Figure 33: UDP packet transmission consumption over NB-IoT
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4.2 Cat NB1 - transmission (UDP) using release assis-
tance indication

Transmitting a payload with the size of 64 bytes as a UDP packet using re-
lease assistance indication (RAI) over a NB-IoT network. When using release
assistance indication the cDRX duration is almost completely gone. The iDRX
duration is set to 0. The charged consumed was 21.79 mC.

Figure 34: UDP packet transmission consumption over NB-IoT using release
assistance indication

4.3 Cat NB1 - transmission (TCP)

The figure below shows the current measurement when transmitting a payload
with the size of 64 bytes as a TCP packet over a NB-IoT network. The iDRX
duration was set to 0 during this measurement. The charge consumed was 201
mC.
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Figure 35: TCP packet transmission consumption over NB-IoT

4.4 Cat NB1 - transmission (TCP) using release assis-
tance indication

Transmitting a payload with the size of 64 bytes as a TCP packet using release
assistance indication (RAI) over a NB-IoT network. The charge consumed was
49.65 mC.

Figure 36: TCP packet transmission consumption over NB-IoT using release
assistance indication
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4.5 Cat NB1 - idle mode Discontinuous Reception (iDRX)

The current consumption when the modem is in idle mode DRX when connected
to NB-IoT. The iDRX duration was not set to 0 and is using the default settings
for this Telia NB-IoT network. The charge consumed was 6.64 mC.

Figure 37: NB-IoT paging window consumption

4.6 Cat NB1 - PSM

The current consumption when the modem is in power saving mode whilst
connected to NB-IoT. The average current consumption was around 2.33 mi-
croAmperes (µA).

Figure 38: NB-IoT PSM mode consumption
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4.7 Cat M1 - transmission (UDP)

Transmitting a payload with the size of 64 bytes as a UDP packet over a LTE-M
network.

Figure 39: UDP packet transmission consumption over LTE-M

4.8 Cat M1 - transmission (TCP)

Transmitting a payload with the size of 64 bytes as a TCP packet over a LTE-M
network. All current consumption measurements were taken at a constant 4V
voltage supply.

Figure 40: TCP packet transmission consumption over LTE-M
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4.9 Cat M1 - idle mode Discontinuous Reception (iDRX)

The current consumption when the modem is in idle mode DRX when connected
to NB-IoT. The iDRX duration was not set to 0 and is using the default settings
for this Telia NB-IoT network. The charge consumed was 10.11 mC.

Figure 41: LTE-M paging window consumption

4.10 Cat M1 - PSM

The current consumption when the modem is in power saving mode whilst
connected to LTE-M. The average current consumption was around 2.36 µA

Figure 42: LTE-M PSM mode consumption
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4.11 GNSS

The figure below shows the current consumption whilst trying to acquire a
geographical position. The current consumption is at average around 40.93
mA.

Figure 43: GNSS acquisition consumption
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5 PMM design

To test the demonstrator, both a vibration energy harvester and a photovoltaic
harvester (solar panel) are used. Both harvesters will have a separate power
management circuit to maximize the power going into the energy storage.

The power output of the vibration energy harvester is a very small and incon-
sistent alternating current. These characteristics makes the output very hard
to impedance match. Therefor all done to the alternating current is to rectify
the current straight into the capacitor.

The power output of a solar panel is a relatively consistent direct current. The
power output is dependant on the impedance of the system which can be shown
through a current-voltage diagram.

Figure 44: Current-voltage characteristics[25]

To maximize the power going into the energy storage a maximum power
point tracking or mppt regulator is used to match the impedance of the circuit.
This micro controller is seated between the output of the solar panel and energy
storage.

To be able to use the capacitor as a energy storage for the thingy91 board
the voltage must be regulated to 3.3V to power the nrf9160 SiP and 1.8V to
power the GPIO and other peripherals
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Figure 45: Solar panel and vibration harvester charging setup
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6 Theory

To determine if the vibration energy and/or solar energy harvesting can support
GNSS fix and LTE transmission, an understanding of the power consumption
of the nrf9160 SiP and power output of the harvesters must be gathered.

6.1 Vibration energy harvester characteristics

To get an understanding of the VEH, a vibrator was connected to a sine wave
generator. With this sine wave generator, vibrations of with different frequencies
and accelerations could be produced.

The output of the VEH is connected to a 100 Ohm resistor as load. Over
the resistance the voltage is measured with a oscilloscope and then analysed.

Figure 46: VEH peak to peak voltage output relative to frequency at different
accelerations

In Figure 46 we can see that our vibration energy harvester is clearly tuned
for 54 Hz with a quite steep voltage drop.

6.2 Shopping cart vibrations characteristics

The vibrating energy harvester will harvest the vibration energy created by
a shopping cart. To understand the characteristics of the shopping cart the
accelerometer on the thingy91 was setup to record the vibrations of the shopping
cart.
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Figure 47: Raw voltage output of the accelerometer

To see if the shopping cart had a resonance frequency an accelerometer was
set up and recorded the latitudinal vibrations at a sample rate of 200 Hz from
which a frequency response analysis where made using fast Fourier transform.

Figure 48: Fourier transform of the accelerometer raw output plotted logarith-
mically over time

There are not an obvious resonance frequency of the shopping cart vibrations
when walking at ”normal” walking speed. One can see a little hump between 25
an 75 Hz. To see how much of the vibration energy that will be harvested, the
raw output from the accelerometer is filtered with a bandpass filter at the 50-60
Hz range, since this is the response frequency of our vibration energy harvester.

Figure 49: Bandpass filter response
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Figure 50: Filtered output from the accelerometer

As shown in Figure 50, the filtered accelerator output, which is a simple
representation of the energy harvested by the harvester, is quite a bit lower
compared to all vibrations made from the shopping cart.

6.3 Harvester output

The output of the vibration energy harvester was generated by mounting the
harvester on a shopping cart and walking at ”normal” walking speed over nor-
mal tarmac. The voltage was measured over a 1k Ohm resistor. The VEH is
optimized for a frequency of 54 Hz.

6.3.1 Vibration energy harvester

Figure 51: Raw voltage output with 1k Ohm resistance load plotted over time

Based on the raw voltage output and knowing the load, the power and energy
output was calculated.
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Figure 52: Power, average power & energy plotted against time

The current generated was calculated by dividing the raw voltage output by
the resistance:

Current =
Raw voltage output

1k Ohm resistance

The power generated was calculated by multiplying the raw output voltage with
the calculated current:

Power = Raw voltage output ∗ Current

The energy was calculated using the trapezoidal rule:∫ b

a

f(x) dx =

∣∣∣∣F (b)− F (a)

∣∣∣∣b
a

≈
N∑

k=1

f(xk−1) + f(xk)

2
∗∆xk (1)

Rewrite 1 for calculating the energy output:

i∑
i=1,2...n

Ei = Ei−1 + (Pi + Pi−1) ∗ (Ti − Ti−1) (2)

where E stands for energy, P for power, T for time and E0 = 0

The average power generated was around 18mW during this 160 second in-
terval. During this interval around 3 mJ of energy was produced.

6.3.2 Photovoltaic panel

The photovoltaic, or solar panel, used is a monocrystaline silicon solar panel
called AnySolar KXOB121K04F [25]. The panel consists of four solar cells
connected in series. The area of each cell is 121.475 mm2. The power output of
each cell is dependant of the irradiance the panel is exposed to accordingly.
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Figure 53: Open circuit voltage vs irradiance[25]

Irradiance is a measurement of the amount of absorbed light energy per
area. Even though humans do not see that big of a difference between indoor
and outdoor, the irradiance can vary a lot depending on the environment. The
irradiance is directly correlated to the power output of any photovoltaic panel.
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Figure 54: Power density/irradiance in different environments

According to the datasheet of the AnySolar KXOB121K04F the maximum
power output is rated to 105.3 mW and is achieved at 1000 W/m2. The rated
conversion efficiency is 25%.

6.4 Theoretical model of GNSS fix and LPWAN trans-
mission interval

A theoretical model is made from the gathered current measurements to un-
derstand how often the user equipment can gather GNSS fix and transmit data
over LPWAN. The theoretical model describes the duration between a fix +
transmission interval. The low power time described in the model is the time
when the modem is in either PSM or eDRX.

Figure 55: Current measurement of GNSS fix and LPWAN transmission exam-
ple cycle
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LPC = low power consumption, GFC = GNSS fix (acquisition) consumption,
LTC = LTE transmission consumption, PIC = Paging interval consumption

Icc =
IGF ∗ TGF + ILT ∗ TLT + IPI ∗ TPI + ILP ∗ TLP

TGF + TLT + TPI + TLP
(3)

Where:
Icc = Average charge current,
IGF = GNSS fix current,
TGF = GNSS fix time,
ILT = LPWAN transmission current,
TLT = LPWAN transmission time,
IPI = Paging interval current,
TPI = Paging interval time,
ILP = Low power current,
TLP = Low power time

The equation above is describing the average charging current when the low
power time is just long enough to equalize the total consumption. Solve 3 for
TLP to find the low power time for an average charge current:

TLP = −API∗TPI−AGF ∗TGF−ALT ∗TLT+TGF ∗Icc+TLT ∗Icc+TPI∗Icc
ALP−Icc

(4)
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7 Technical choices

• Telia LTE-M & NB-IoT low power wide area networks - The only network
available for this project at the time

• TCP and UDP protocols

• Thingy91 board

• ReVibe vibration energy harvester

• Anysolar KXOB121K04F photovoltaic harvester

Telia was chosen as an operator since that was the only SIM card obtainable at
the moment. NB-IoT and LTE-M was the two investigated networks since they
are specified by 3GPP where Ericsson is highly involved.

TCP and UDP protocols were the two chosen network protocols to test due
to the low overhead they give and the reliability that TCP provides.

Thingy91 board was chosen since it contained all the features needed for the
project and samples was available.

47



8 Software Implementation

Software was needed to be implemented both on the user equipment and in the
cloud to get the application to work. The cloud was a necessity since sockets
open to the internet is not allowed from the Ericsson internal network. Below
is a figure describing the overall system architechture.

Figure 56: System overview

8.1 User equipment

To program the thingy91 we used C as the programming language, the real-time
operating system zephyr project and the libraries nrfxlib and nrf connect SDK.
When writing the code for the application, the standard of MISRA-C (2012)
were followed. MISRA-C (2012) is a set of guidelines and rules that ensure
safety, reliability and readability of the code. Example of these guidelines and
rules are:

• Rule 9.1 (required) - All automatic variables shall have been assigned a
value before being used. This rule is applied conservatively, meaning that
if a variable may have been initialized prior to its first use, a diagnostic is
not produced. The following is an example:

i n t x ;

i f ( y == 0)
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x = 1 ;

x++; /∗ x i s assumed to be i n i t i a l i z e d ∗/

• Rule 19.2 (advisory) - Non-standard characters should not occur in header
file names in #include directives.

Though the libraries did not always follow the guidelines. An assumption made
were that these libraries are safe to use. To test the MISRA compliance the
open source static analysis code checker cppcheck was used[10] together with a
MISRA C (2012) addon built in Python.

The most important aspect of the software running on the user equipment is to
make it as power efficient as possible. Since the most power consuming parts of
the application is the LTE transmissions and the GNSS acquisitions, those are
the most important things to optimize.

Before the GNSS is started, it is important to make sure that the modem is
not used by the LTE, otherwise the GNSS would be on but would not get any
data. When the GNSS is actively searching for a fix there is a concurrent GNSS
event handler that handles incoming events such as Position, velocity and time
(PVT) data. On a PVT data event, the code will examine the data and can
stop executing at three conditions:

• Fix is available

• CN0 value is too low

• It has been searching for an excessive amount of time without getting a
fix
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Figure 57: Sequence diagram of a typical ’get fix and transmit’

Since the application has multiple threads that share some variables and point-
ers, for example PVT data shared between GNSS event handler and GNSS fix
thread as shown in Figure 57, thread safety must be ensured. This is done
through using mutex locks when reading and writing to shared data.

8.2 Amazon web services - AWS

To visualize the geographical positions transmitted by the UE:s, a backend and
frontend was built in an AWS EC2 instance. AWS EC2 is a virtual machine
running Ubuntu in the AWS cloud. Using docker, four containers were created
to build the backend system:

• TCP & UDP socket listeners

• MongoDB

• Restful api

• Frontend

The system architecture design is based upon microservices architecture. Mi-
croservices architecture is a system unlike a monolithic architecture built with
multiple smaller services only being responsible for one area of the system.
Microservice architecture was chosen because it improves separability, extend-
ability and maintainability.

The socket listeners and the restful API are all implemented in python 3.4
since it is fast, easy to implement and works good with docker.
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8.2.1 TCP and UDP socket listeners

The TCP and UDP socket listener is serving the UE:s. They receives the geo-
graphical data transmitted from the UE:s and inserts it into the mongo database.

8.2.2 MongoDB

The mongo database stores all geographical data sent from the UE:s. The
database consists of one collection where each data point contains a longitude,
a latitude, an accuracy and an id field. The data point is structered accordingly.

1 {
2 "longitude": number,

3 "latitude": number,

4 "accuracy": number,

5 "ID": number

6 }

The mongo database has not got any exposed ports to the internet but can only
be accessed by other internal services.

8.2.3 Restful API

This http rest api have three endpoints. One to receive all data points, one
to delete a specific locations and one to delete all data points made to reset a
demo. Accordingly:

GET ”/ l o c a t i o n s ” − Get a l l l o c a t i o n data−po in t s
DELETE ”/ l o c a t i o n s ” − Delete a l l l o c a t i o n data−po in t s
DELETE ”/ l o c a t i o n /{ l o c a t i o n } − Delete s p e c i f i c l o c a t i o n data−po int

The HTTP rest api is open to port 5000 to the network.
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8.2.4 Frontend

Figure 58: Frontend visualization

The frontend have one endpoint which returns html and javascript code which
builds the frontend locally. The frontend makes http api calls to the rest api
and uses leaflet to visualize the geographical data on the map. The frontend is
open to the standard HTTP port 80.
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9 Evaluation

9.1 Theoretical intervals with different average charging
current

Since none of the current consumption measurements or the times of the current
consumption measurements are constant, especially the GPS acquisition, an
average was used from different measurements. Values used in the theoretical
model:

• GNSS fix current: IGF = 41 ∗ 10−3 A

• GNSS fix time: TGF = 2.5s

• LTE-M (TCP) transmission current: ILT = 22 ∗ 10−3 A

• LTE-M (TCP) transmission time: TLT = 6 s

• NB-IoT (UDP + RAI) transmission current: ILT = 22 ∗ 10−3 A

• NB-IoT (UDP + RAI) transmission time: TLT = 6 s

• Paging interval current: IPI = 3 ∗ 10−3 A

• Paging interval time: TPI = 6 s

• Power saving mode consumption: ILP = 3 ∗ 10−6 A

• Voltage = 5V

Figure 59: Theoretical time intervals possible at different average charging pow-
ers using LTE-M (TCP)

53



Figure 60: Theoretical time intervals possible at different average charging pow-
ers using NB-IoT (UDP + RAI)

9.2 Actual intervals

Gather results

Figure 61: Example of power saving mode time measurement

To measure the intervals between a GPS fix and wireless transmission an oscillo-
scope was used to measure the voltage of the super-capacitor used, by marking
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the beginning and the end of the power saving mode we get the time as the
difference. The results gathered are the mean of multiple measurements.

Both energy harvesters used were tested under two different circumstances, op-
timal and sub optimal. The vibration energy harvester was tested by pushing a
shopping cart at ”normal” walking speed over a parking lot and a textured bike
lane. The solar panel was tested in direct sunlight and in cloudy conditions. Two
network conditions were also tested during the different circumstances: LTE-M
using TCP and NB-IoT with RAI using UDP. In addition to the intervals the
time it took for the GPS to acquire position data was also recognized since it has
a large effect in the energy consumed between the fix and transmission intervals.

To get as big of a difference as possible on the measured voltage for visual and
measuring purposes, as small of a capacitance on the super capacitor was used.
While testing the application using LTE-M, a capacitor with the capacitance of
0.47F was used and while using the NB-IoT, a capacitor with the capacitance
of 1F was needed. This was due to increased power consumption during the
booting sequence of the application. During the booting sequence the applica-
tion fetch GPS assistance data over the internet, since NB-IoT provides lower
bandwidth compared to LTE-M this takes more time which results in higher
energy consumption.

The amount of energy charging the super capacitor can be calculated by the
following formula:

P =
C ∗

√
v2

2 − C ∗
√
v1
2

t2− t1
(5)

where:
P = charging power,
C = capacitance of the supercapacitor,
v2 = Measured voltage at time t2,
v1 = Measured voltage at time t1

9.2.1 Vibration energy harvester on parking lot

While gathering energy from the vibration energy harvester while walking over
a parking lot and having an average GPS acquisition time of about four seconds
the average interval was measured to be around 65 seconds while using LTE-M
and TCP.
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Figure 62: Voltage reading of the capacitor using LTE-M powered by the vibra-
tion energy harvester while walking on parking lot

While gathering energy from the vibration energy harvester while walking
over a parking lot and having an average GPS acquisition time of about three
seconds the average interval was measured to be around 27 seconds while using
NB-IoT and UDP with Release assistance indication.

Figure 63: Voltage reading of the capacitor using NB-IoT powered by the vi-
bration energy harvester while walking on parking lot

Using equation 5 and the voltage measurements an estimation of the power
was calculated to be around 12 mW. According to the theoretical model that
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amount of power would give us an interval of 48 seconds while using NB-IoT
(UDP + RAI) and 66 seconds while using LTE-M (TCP).

9.2.2 Vibration energy harvester on textured bike lane

While gathering energy from the vibration energy harvester while walking over
a textured bike lane and having a an average GPS acquisition time of about
five seconds the average interval was measured to be around 64 seconds while
using LTE-M and TCP.

Figure 64: Voltage reading of the capacitor using LTE-M powered by the vibra-
tion energy harvester while walking on textured bike lane

While gathering energy from the vibration energy harvester while walking
over a textured bike lane and having a an average GPS acquisition time of
about two and a half seconds the average interval was measured to be around
23 seconds while using NB-IoT and UDP with Release assistance indication.
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Figure 65: Voltage reading of the capacitor using NB-IoT powered by the vi-
bration energy harvester while walking on textured bike lane

Using equation 5 and the voltage measurements an estimation of the power
was calculated to be around 16 mW. According to the theoretical model that
amount of power would give us an interval of 35 seconds while using NB-IoT
(UDP + RAI) and 48 seconds while using LTE-M (TCP).

9.2.3 Photovoltaic panel during clear skies

While gathering energy from the photovoltaic panel during direct sunlight with
an measured irradiance of around 500 W/m2 and having a an average GPS
acquisition time of about two and a half seconds the voltage increased during
the tests which indicates we could do it continuously while using LTE-M and
TCP.
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Figure 66: Voltage reading of the capacitor using LTE-M powered by the pho-
tovoltaic panel during clear skies

While gathering energy from the photovoltaic panel during direct sunlight
with an measured irradiance of around 50 W/m2 and having a an average GPS
acquisition time of about three seconds the voltage increased during the tests
which indicates we could do it continuously while using NB-IoT and UDP with
Release assistance indication.

Figure 67: Voltage reading of the capacitor using NB-IoT powered by the pho-
tovoltaic panel during clear skies

Using equation 5 and the voltage measurements an estimation of the power
was calculated to be around 90 mW. According to the theoretical model that
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amount of power would give us an interval of three seconds while using NB-IoT
(UDP + RAI) and one seconds while using LTE-M (TCP).

9.2.4 Photovoltaic panel during cloudy skies

While gathering energy from the photovoltaic panel during cloudy conditions
with an measured irradiance of around 50 W/m2 and having a an average GPS
acquisition time of about 2.5 seconds the average intervals was measured to be
around 46 seconds while using LTE-M and TCP.

Figure 68: Voltage reading of the capacitor using LTE-M powered by the pho-
tovoltaic panel during cloudy skies

While gathering energy from the photovoltaic panel during cloudy conditions
with an measured irradiance of around 50 W/m2 and having a an average GPS
acquisition time of about 2.5 seconds the average intervals was measured to
be around 14 seconds while using NB-IoT and UDP with Release assistance
indication.
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Figure 69: Voltage reading of the capacitor using LTE-M powered by the pho-
tovoltaic panel during cloudy skies

Using equation 5 and the voltage measurements, an estimation of the power
was calculated to be around 20 mW. According to the theoretical model that
amount of power would give us an interval of 27 seconds while using NB-IoT
(UDP + RAI) and 36 seconds while using LTE-M (TCP).

9.2.5 Summary of actual intervals

Harvesters Condition Power (mW) Network Interval (s)
Vibration Parking lot 12 LTE-M 65

NB-IoT 27
Bike lane 16 LTE-M 64

NB-IoT 23
Photovoltaic Clear skies 90 LTE-M ∼

NB-IoT ∼
Cloudy 20 LTE-M 46

NB-IoT 14
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10 Discussion

The idea of this project was to see if we could gather enough energy using small
energy harvesters mounted on a shopping cart to acquire GNSS position and
send it over LPWAN. The answer to this question is not obvious since there
are a lot of factors affecting both the power consumption of the application
and the charging output of the harvesters that cannot be handled, such as the
environmental effects on the GNSS acquisition, the environmental effect on the
charging output and the network timers regulated by the operators.

Telia unwanted traffic

The first SIM card used was a Telia SIM card that connected to LTE-M and
NB-IoT. Using this SIM a lot of random incoming traffic was recorded during
the paging interval. Incoming messages during the paging window prevents the
modem to sleep which in turn consumes power.

Figure 70: Traffic resetting the modems paging interval

Luckily the solution to this problem was to switch the SIM card to a dedi-
cated Telia IoT SIM card. One could request to not having a paging interval at
all but since this is regulated by the operator this was not a reliable solution.

GNSS power consumption

When testing the current consumption of the GNSS part of the application it
was tested with the nrf9160dk which has a dedicated antenna for the GNSS.
When the code was compiled and tested for the thingy91 the GNSS took a
lot longer time to acquire a fix. This is due to the thingy91 only having one
antenna shared between the LTE and GNSS. This antenna is optimized for LTE
communications. To solve this issue an external antenna optimized for GPS is
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used. Even though the external antenna is optimized for GPS the acquisition
time can very a lot depending on the environment such as cloud and buildings
etc.

Reception impact

The transmission power while using both LTE-M and NB-IoT is regulated dy-
namically depending on the current reception signal of the modem. While test-
ing this device the test area was restricted to how far one could walk with the
shopping cart which was fairly restricted. This should be further investigated
to get an understanding of how large effect it will have on the overall power
consumption.

Transmission size

In the tests, we got shorter intervals while using NB-IoT with release assistance
indication and using UDP protocol. However, because of the lower bandwidth of
NB-IoT compared to LTE-M this could be due tp the small size of our transmis-
sions. For use cases that requires to transmit more data an LTE-M transmission
might be more energy efficient. This was observed while measuring the volt-
age of the super capacitor while retrieving GPS assistance data but the exact
breaking point cannot be determined in this thesis.

Altercations to the cart

The small frequency response of the vibration energy harvester and the lack
of a resonance in the frequency of the shopping cart while walking on tarmac
was a big issue in the power output of the harvester. To resolve this, an idea
was to create shopping cart wheels with the shape of an pentagon or hexagon
to increase the vibrations at a specific frequency while walking with a certain
speed. This was unfortunately not made due to time restrictions. Another
alternative to solve this problem would be to completely discard the vibration
harvester and instead use a hub generator, harvesting the kinetic energy of the
wheel rolling.

Base-station switching during NB-IoT

Even though NB-IoT was shown to be more power efficient in this use case there
were some problems detected using NB-IoT. During testing the modem would
switch base-stations at random causing the application to be put on hold and
also consuming a lot of power since NB-IoT requires a new network registration
every time it switches base-station. This could be an issue if deployed in an
area in the middle of two base-stations. This was not experienced while using
LTE-M network.
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11 Conclusion

In this study two questions were investigated:

1. Is it possible to harvest enough energy using a small energy harvester
mounted on a shopping cart to power a thingy91 to get a geographical
position and send it over a low power wide area network?

2. How often is it possible to get geographical position and transmit over low
power wide area networks using harvested energy?

Regarding the first question the answer is yes as long as the shopping cart is
either moving over a rough surface or if it is exposed to an irradiance of at
least 50 W/m2. The second question is harder to specify, in optimal conditions
the device can gather geographical position and transmit over both LTE-M and
NB-IoT continuously, while in the worst conditions it would never be able to
transmit its position. It is very much dependant on several factors which all
have not been tested.

Comparing the values gotten from the theoretical model and the real world
measurements it seems like the consumption and charging power is too unpre-
dictable to calculate accurately, at best it can provide an rough estimation. In
addition there are factors not taken into account such as efficiency of the power
management board.

11.1 Future work

The subject of this project is a big research area and there are a lot of work
that could be done to improve the results of this project.

Vibration energy harvesters are being researched to provide a wider frequency
response which in this use cases, such as this project, would benefit the power
output vastly.

Instead of using only a rectifier between the vibration energy harvester and
the energy storage, a power management that could impedance match the un-
stable and irregular voltage output of the harvester itself would also make a
vibration energy harvester more applicable under more circumstances.

Ericsson themselves are continuously investigating ways to further lower the
power consumption of wide area networks which improvement would greatly
impact the use of LPWAN:s in more and more IoT devices with more and more
demanding applications.

Antenna improvement and efficiency would also result in lower power consump-
tion both by the LTE-M consuming less power while both transmitting and
receiving and by the GPS where a superior antenna could potentially lower the
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GPS fix acquisition time both in good and bad weather conditions.

In this project the application only transmitted data and never had to listen or
retrieve any down-link communication. This would be an interesting project to
conduct to figure out if it is possible to use energy harvested by small energy
harvester to power such an application continuously.
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