Artificial Reconfigurable wireless network
optimization based on battery levels

presented by
PETRUS VAN STADEN
Dissertation submitted in fulfilment of the requirements for the degree

Masters in Engineering: Electrical Engineering
in the
Department of Electrical, Electronic and Computer Engineering
of the
Faculty of Engineering, Built Environment and Information Technology
at the

Central University of Technology, Free State

Study Leader: Dr. BJ Kotze DTech (Eng.)

Bloemfontein
October 2019

© Central University of Technology, Free State




: Central University of
Technology, Free State

Declaration
I, PETRUS VAN STADEN, identity number , and student
number , do hereby declare that this research project which has been

submitted to the Central University of Technology Free State, for the degree Masters in
Engineering: Electrical, is my own independent work and complies with the Code of
Academic Integrity, as well as other relevant policies, procedures, rules and regulations
of the Central University of Technology, Free State, and has not been submitted before
by any person in fulfilment (or partial fulfilment) of the requirements for the attainment

of any qualification.

................ ...16 October 2019..........

SIGNATURE OF STUDENT DATE

© Central University of Technology, Free State



: Central University of
Technology, Free State

Acknowledgements

I would like to thank the following without whom this dissertation will not be a

possibility:

Dr. BJ Kotze Mr. CC Jackson Mrs. CW Smith
Mr. AJ Smith Mr. CF Swartz Mrs. M Jackson
Mr. D Kouprianoff Dr. H van Staden NRF

In loving memory of Cornelius Christiaan Jackson...

il

© Central University of Technology, Free State



: Central University of
Technology, Free State

Abstract

A Wireless Sensor Networks (WSN) was developed, along with a testbed that
could evaluate the system under scrutiny on energy consumption parameters. The
development of an artificial reconfigurable wireless network optimization routing
protocol based on battery levels was created in a lab environment where certain variables
were controllable. This study focused on measuring energy of a network based on
different routing protocols. To capture data, physical batteries were replaced with a
power source that was developed to capture the energy usage of each node in the system
simultaneously.

The development of a system that could test the energy consumed by a WSN was
one part of the study, whilst the important part was to be able to analyse energy
consumed by a network as a whole.

Analysing a WSN by capturing data based on routing topology formed a
conclusion based on data that was captured in the lab. Different packet sizes, TX power
levels and routing protocols were tested in this dissertation on a custom developed
testbed. Results did show a predictable outcome clearly indicating different energy

consumptions per topology.
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Chapter 1

Introduction

1.1 Preface

IoT is a group noun for devices connected to an internet-based server via any
possible means. The term [oT has brought a new age of exploration into wireless radio
networks, security protocols and a few more topics that can be investigated. Very often
sensing devices have the issue of being out of range to an internet connection. For these
cases a radio network can be implemented, relaying data from one location, to another
location that can provide a link to the internet. Modern radio technology is becoming
easier to implement, due to the increase of open source material [1] and it is more
affordable for the average hobbyist/engineer to work with. When implementing [oT on a
network of sensors that are a moderate distance apart from one another (100m — 500m) it
is simpler to have a centre node that can be linked to the internet, due to Wi-Fi ranges
that might not be in reach for all the nodes. Using GPRS on each device will require a
SIM card for each device that leads to extra difficulty on installations. Based on topology
algorithms this dissertation researched aspects of a network, before it can connect to the
internet on a hardware level. Aspects like throughput battery energy consumption per
node and battery energy consumption per network topology was simulated with custom

developed physical hardware that can simulate a radio network. These parameters were

1
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tested in lab conditions with open source development tools. The data was logged, pre-

processed and analysed.

1.2 The Problem Statement
Certain nodes in a network might use more energy because of the radio topology
being used. This is a problem if the radio network is dependable on batteries and does not

have a routing algorithm that will adapt to nodes that are depleted.

1.3 Hypothesis
A wireless network sensor system will be able to last longer, allowing longer
network up-time when an artificial reconfigurable wireless network optimization system,

based on power consumption is used.

1.4 Project objectives
The objective of the study is to analyse a network topology that will be able to
adapt based on battery levels of the wireless nodes.
e Obtain and develop a small scale Wireless Sensor Network (WSN);
e Develop a custom protocol to test different topologies;
e Design and build an energy monitoring system for a WSN;
e Analyse the functioning of the test bed;

e Analyse the power consumption of each node in the WSN; and

© Central University of Technology, Free State



e Log the throughput of the WSN to compare with different types of

topologies.

1.5 Research method

The research was divided into two methods with different outcomes also
described in Fig. 1.1. The first objective was to build a system that could monitor the
energy consumption of a WSN. Also known as a testbed [2]. A positive outcome is
reached when the designed testbed can give the correct energy consumption readings and
have a throughput calculation.

The second part of the research analyses different types of network topologies,
allowing analysis based on readings of the previously designed testbed. The study will
indicate a correlation between the physical layer based on the Open Systems

Interconnection (OSI) model and physical hardware.

© Central University of Technology, Free State
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Fig. 1.1 A flow chart of the research method being used
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1.6 Summary of Following Chapters

1.6.1 Chapter 2: Investigation into relevant theory for testing WSN’s

This chapter considers a broad spectrum of theories related to radio engineering in
the process of better understanding WSN’s. After the basic radio terminology was
discussed, other work concerning IoT research was referenced and discussed. Finally,

components for experimental setup were reviewed and chosen.

1.6.2 Chapter 3: Development of a DAQ system for monitoring a WSN

This chapter is an extension of Appendix E [3], and focuses on the development
of a testbed that does Data Acquisition (DAQ) on a WSN. The testbed used a Raspberry
Pi that interfaced analogue to digital conversion circuits that measured the power of each

node connected to the power circuit.

1.6.3 Chapter 4: WSN setup and throughput testing via MATLAB®
This chapter observed the development of a radio protocol that made it easier to
test different types of network topologies. The gateway transmitted serial data which

MATLAB® was able to analyse.

1.6.4 Chapter 5: Communication and power results
This chapter presents the data collected from the developed system from Chapter
3 (hardware) and 4 (software). Chapter 5 also compared different network topologies and

specified if the system was able to predict the energy usage of a WSN.

© Central University of Technology, Free State
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1.6.5 Chapter 6: Conclusion
This chapter include the discussion of the results; relevance of the research; and

future work.

© Central University of Technology, Free State



Chapter 2

Investigation into relevant theory for testing WSN’s

2.1 Introduction

This chapter discusses relevant theory to WSN’s, considering the Open Systems
Interconnection (OSI) model and different types of theory that helps in the development
of a WSN testbed with a gateway that can be connected to the internet. Also discussed
are the tools needed to collect the data; the components to create the data; and the

software to save the data.

2.2 OSI model and Relative terms

The OSI model is an International Standard Organisation (ISO) stating that any
WSN can be divided into seven layers [4], [5]. The OSI incorporate the physical layer;
data link layer; network layer; transport layer; session layer; presentation layer; and
application layer as shown in Fig. 2.1 [5]. The IEEE Std 802® also refers to a family of
standards focusing on the physical layer and data link layer. It is important to know that
IEEE 802 networks observe encryption, flow control and error correction, but it is not
limited to the physical and data link layers [6] (layers concerning transmission of data

and error detection).

© Central University of Technology, Free State
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* End User layer

Appl |Cat|0n ¢ HTTP, FTP, IRC, SSH, DNS

» Syntax layer

Presentatlon * SSL, SSH, IMAP, FTP, MPEG, JPEG

. * Synch & send to port
SeSSI on * APl's, Sockets, WinSock

* End-to-end connections

Transport S TERILDE

Packets
IP, ICMP, IPSec, IGMP

Frames
Ethernet, PPP, Switch, Bridge

* Physical structure
» Coax, Fiber, Wireless, Hubs, Repeaters

Physical

Fig. 2.1 The OSI model for networks

2.2.1 Physical Layer
The Physical Layer (PL) for a radio network system could be described as the
process of a radio module that interfaces with the analogue circuit that controls and emits
electromagnetic waves via the antenna. The PL for a radio talks to the hardware of an
electromagnetic radiation circuit (radio). The PL can be described as a subset of 1’s and
0’s, but it produces hardware that takes the following into account:
e The frequency to transmit. Frequency can be related to data rate, but

licensing should also be considered when looking at frequency

© Central University of Technology, Free State
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specifications. For this dissertation a radio module that operates at
868MHz is used. This is an unlicensed frequency band that complies with
the Independent Communications Authority of South Africa (ICASA).

e Frequency modulations schemes are part of the physical layer. Different
types are commonly known, but the popular types taught in general radio
engineering subjects are Frequency Shift Keying (FSK); Amplitude Shift
Keying (ASK); and Phase Shift Keying (PSK).

e The antenna designs. According to the Modern Dictionary of Electronics
an antenna is an electrical device which converts electric power into radio
waves and vice versa. Antennas come in different shapes, sizes and types.

The antenna is designed for a specific frequency.

The PL used to describe the transmission part of any OSI model [7], the
ArduRF1’s (Fig. 2.2) was used to build the experiment platform for measuring energy
usage during transmissions of data. It is developed around the Arduino framework and

uses a RFM69HW radio transceiver, designed by HopeRF®, operating at 868MHz.

© Central University of Technology, Free State
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Fig. 2.2 Wireless nodes ArduRF1's Photo Credit:
www.EzZSBC.com

2.2.2 Data Link Layer

The Data Link Layer (DLL) [7] can be classified as the part of a radio module that
describes the error correction and analysing of the data. Two sublayers, encryption and
decryption can also happen in this layer, and is known as the Logical Link Control (LLC)

sublayer and the Medium Access Control (MAC) sublayer.

2.2.3 Network Layer

A Network Layer (NL) [7] is responsible for packet forwarding. For example,
node X sends a packet to node Z, but needs node Y to pass the message. Common
platforms on this layer are called gateways or routers. They are connectors of
communication [7]. In this dissertation a custom NL is designed to serve as an easy

method of controlling the topology of the network.

10
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2.2.4 Transport Layer
The Transport Layer (TL) [7] is commonly better known in high data rate
networks, for example computer networks. This terminology describes the protocol being

used for different node destinations to understand one another e.g. UDP and TCP/IP.

2.2.5 Session Layer

The Session Layer (SL) [7] describes the initiation of a communication link and
the ending of the communication link. A good example will be a wireless webcam. If a
link is requested and accepted, data will be able to flow from the webcam via the wireless
link to the source that requested the link. When the link is disrupted or cancelled the

session will be stopped and no further data streaming takes place.

2.2.6 Presentation Layer

The Presentation Layer (PL) [7] or syntax layer is the layer that would grab data
and/or manipulate data to make it usable to the application layer, e.g. ASCII. Some types
of encryption take place on this level. Testing of the username and password, to grant

access to user data would be an example.

2.2.7 Application Layer

This layer (AL) is also known as an abstraction layer and can be described as a
user interface [8]. A user interface can range from a LCD to a LED blinking. For this
dissertation the Application Layer will be absent, but interfacing LED’s are designed into

the circuit to allow for better debugging purposes.

11
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2.2.8 Throughput

Throughput means the amount of material or items passing through a system or
process. When working with radio communication, throughput is an important factor in
the evaluation of a system. In perfect conditions the throughput of a radio system must be
100%. For this thesis throughput was measured for the developed testbed system. The
effects of directional antennas versus omni-directional antennas are discussed by Hong-
Ning Dai et al. [9]. It was found that a directional antenna can improve the throughput

significantly and reduce the need for multi-hop routing.

2.2.9 Latency

Latency is a common term used to describe the delay in data. High latencies refer
to major delays in data. When sensing data for logging purposes, latency can be
negligible comparing to wireless control systems. Latency will only be an issue for high
data rate application e.g. video feeds or sound streaming. Om Jee Pandey et al. [9]
researched low-latency and energy-balanced data transmission over cognitive small
world WSN. A network was proposed that viewed hop-counts and geographical distances
that acquired 44.74% reduction in latency, compared to Low Energy Adaptive Cluster

Head routing (LEACH) [10].
2.3 Modulation of a carrier signal

Modulation refers to the way a signal needs to be carried through open space.
When using wires between different devices for communication purposes, protocols like

12

© Central University of Technology, Free State



UART and I°C can be used, but when communicating wireless only through antennas the
signals must be modulated with external electrical waves to enable the transmission of
radio magnetic energy via an antenna. Modulation schemes were developed for different
types of criteria. Popular modulation schemes are amplitude modulation and frequency
modulation. These modulation schemes provide a service to analogue signals. Very
common techniques taught at universities when working with digital data (binary values)
are phase-shift keying (PSK); frequency-shift keying (FSK); and quadrature amplitude
modulation (QAM). All this modulation can be sub-divided into different categories
allowing for better application-based modulations.

Summarising modulation schemes can be divided into analogue; digital;
hierarchical, and spread spectrum modulation. Further modulations described refer
mostly to spread spectrum digital modulation schemes used on common breakout boards

sold by electronic and robotic component suppliers [11].

2.4 SigFox™

SigFox™ is popular in the world of IoT. This is a radio network based on star
topology, with a gateway node that handles the data and uploads it to the cloud. The
significant part of this IoT design is the fact that there is no need to create a link to the
internet. The link to the internet is provided by SigFox™. Fig. 2.3 [12] is a coverage map
of SigFox". The light blue area is where SigFox'" coverage is already deployed and

purple is the area where SigFox " is planning to provide coverage in the near future.
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Fig. 2.3 Coverage provided for SigFox"™ modems in South Africa on the 19th of
March 2018 as provided by SigFox™

This service is significant in the sense that the coverage is very similar to mobile
networks, but extra SIM cards are not needed for functionality. Each SigFox™ modem is
provided with a unique ID. The user of the SigFox' modem needs to register this unique
ID and to pay a license fee. This license fee can also be considered as data. Using the
unique ID on the SigFox " server, the user can access the data provided by the SigFox ™
modem.

The largest data package that can be obtained from SigFox' " is a package that
transmits 12 bytes every 10 minutes. This system is dependent on being in range of
gateway towers. It does not allow for a lot of data to be uploaded, therefore only

uncomplicated sensing applications can make use of this system. Water usage
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monitoring; rain fall measurements; or lightweight tracking systems would be an
example.
SigFox'" differs from the experiments done in this dissertation because it only

uses a star network topology.

2.5 WSN Topology Control and Algorithms

EZone is an energy efficient zone routing algorithm [13]. MATLAB® simulations
analyses the effectiveness of this algorithm on network performances for single and
multiple gateway scenarios. Comparing EZone to routing algorithms like minimum
transmission energy (MTE), LEACH and zone clustering, a conclusion can be made that
EZone has a better throughput rate. That also means a better network connectivity with
more lifeless nodes.

EZone is only based on theoretical work, leaving the practical testing of this
algorithm up to expensive testbeds for these radio networks. EZone algorithm creates a
radio link between neighbouring nodes based on energy level.

During reduction of energy consumption in WSN, using the generalized
Pythagorean theorem [14] a routing scheme was proposed on the physical location of the
nodes used in the network. Using theoretical info of the power consumption used by a
node simulation done in MATLAB®, an algorithm was tested based on the angles and
distances between each node. Fig. 2.4 [14] illustrates that the angle between different

nodes had a theoretical effect on the energy consumed if the distance between node A
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and B and node A and C was constant, but the angle was different. The proposed
algorithm chose an extra hopping step between nodes if the angle from node A’s point of

view was smaller than 90 degrees.

d (ba)

1’ \\ dp,a ' ! | ()

d:'b_:) “4 E d(‘b’,:)

Fig. 2.4 A, B and C represented as nodes showing diffirent angle possibilities

Energy efficient reliable routing algorithm (EERA) for WSNJ[15] focused on
throughput, reliability and latency. The EERA algorithm was developed from the basis of
low earth orbiting (LEO) [16] satellite networks. LEO makes use of an algorithm where
only the neighbouring node data was stored in a specific node.

For example, on analysis of node a, it will hold only data concerning its
neighbouring nodes b and ¢, but none on the non-neighbouring nodes d and e. EERA
implemented this strategy, but added data saved within the node, holding information on
nodes that is on route to the gateway.

EERA protocol’s header packet format contained 10 packages.

1. The source node;

16

© Central University of Technology, Free State



: Central University of
Technology, Free State

2. Destination node;

3. Node between source and sink;
4. Neighbouring node;

5. Sequence number of the packet;
6. Packet start time of each node;
7. Time to reach base station;

8. Energy of node;

9. Node packet transmission ID;

10. Tuning factors.
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2.6  'WSN Power Consumption Testbeds

Section 2.6 discusses the relevant theory concerning testbeds. This topic became
part of the dissertation because of its relevance to this project. The author of this
dissertation designed and built a testbed specifically for testing the hypothesis of this

research.

2.6.1 Introduction to Testbeds

Testbeds are designed and used to evaluate a WSN. Outputs usually contain data
concerning the energy consumption, data rates and throughput capability. WSN testbeds
are mostly deployed indoors for academic purposes [17] [18].

A. Kopke et al. measured the node energy consumption in a USB based WSN
testbed [19] and he also researched more affordable, easy deployable and precise
methods of estimating the actual energy consumption. The systems were developed to be
independent from node type or testbed type. The developed circuit (Fig. 2.5 [19]) allowed
the node being tested to switch between programming mode and energy consumption

measuring mode. This operation was done by the node itself.
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Fig. 2.5 Circuit for a USB based WSN energy monitor
developed by Kopke and Walisz

The circuit shown in Fig. 2.5 simply explains that by the use of a data pin output
to the node being measured, the resultant current measurements, interfaced with a
LTC4150 coulomb counter’s data, was transferred to the node itself, allowing the data to
be accessed wirelessly. One of the main concerns in this research piece was cutting out
the regulator that provided the system with 3V and replacing it directly with a battery.
The problem that remains when using rechargeable batteries on a 3V node, is that

additional charging circuits are needed.

2.6.2 NEWSBED: The Internet of Things Testbed Platform
NEWSBED [20] is a testbed theoretically designed for IoT. A few requirements
were identified that are useful when creating a testbed.

It has to be neutral, easy making, web based and shareable.
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Neutral indicates that the testbed is simulated, but with extra Quality of Service
(QoS) as a Service. This implies that extra data is injected into the simulation conditions
to make the simulation a better representation of reality. Easy making is the requirement
that only concerns the programing environment of the system. NEWSBED intends to
make the coding interface a graphical user interface (GUI). Web based refers to access
of the collected data. Allowing the data to be presented on a web site. Shareable
indicates that NEWSBED is synonym to open-source. If a researcher already set up an
environment on the system, it is easily accessible to other researchers. Fig. 2.6 [20]

illustrates that research on NEWSBED can be done from remote locations.
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Fig. 2.6 The deployment of a NEWSBED testbed

In conclusion this article demonstrates that NEWSBED is merely an idea with no
proof of concept yet. NEWSBED also doesn’t consider cost effectiveness or any physical

implementation of a testbed.

2.6.3 MoteLab: a wireless network testbed

MoteLab [21] (Fig. 2.7) was developed to help future researchers and teachers
whilst researching or teaching WSNs. Quoting the author, “MoteLab is a set of software
tools for managing a testbed of Ethernet-connected sensor network nodes.” As shown in
Fig. 2.7 the system makes use of a webserver, MySQL database, a data logger and
hardware connected to the wireless nodes that interfaces with Ethernet. The radio nodes
can be reprogrammed via the Ethernet interface board. The Ethernet interface board can
also monitor the power consumption of the node that is plugged in and connects the node

to extra sensory data.
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Fig. 2.7 Component model that illustrates a summary of MoteLab

In conclusion MoteLab is a spectacular testbed that implemented simple
techniques like MySQL and a PHP webserver to interface the general system. The only
negative aspect about using this testbed is that the type of wireless nodes used in this
testbed can’t be changed or adapted. Each wireless node also needs to be within range of

an Ethernet port.

2.6.4 WISEBED: an open large-scale wireless sensor network testbed

WISEBED [22] focuses on a very large WSN testbed system placed all over
Europe. WISEBED deployed over 500 nodes with different types of hardware platforms
with pre-connected sensors. Most nodes work with the IEEE 802.15.4 wireless protocol

as a standard. This is ideal for topology control testing at a radio frequency of 2.4GHz.
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WISEBED’s intended goal is to connect each testbed to larger heterogeneous networks
e.g. loT.

This testbed is well developed but has limited types of hardware platforms. The
hardware is not interchangeable, and the testbed only focusses on research based in the
physical layer of the OSI as described in section 2.2.1.

This testbed will not allow for research on the physical hardware of a node. The
testbed that was developed in this thesis is very small in comparison, but focuses on the
hardware’s performance in relation with the physical layer setup. The physical layer also

focuses only on the testing of different topologies with preconfigured firmware.

2.7 Appliance Load Monitoring (ALM)

Google defines the word appliance as a device or piece of equipment designed to
perform a specific task. Identifying with the term appliance, a wireless sensing node can
be defined as an appliance. As explained by a survey [23] there are two common types of
Appliance Load Monitoring (ALM). Intrusive Load Monitoring (ILM) and Non-Intrusive

Load Monitoring (NILM).

271 ILM

A good analogy for ILM would be to introduce water consumption sensing per
tap in a household. ILM would refer to the sensing of water usage at each tap by literally
putting a water flow sensor at each tap. Using ILM and the water analogy example, data

can be presented for each tap. This is an uncomplicated method for ALM when data
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collection is the main concern, but it is a more expensive and inconvenient method of

water usage monitoring than the other method, NILM.

2.7.2 NILM

Using the same water analogy as used for ILM, the NILM introduced the single
point sensing method. For this explanation a water analogy will work fine. Instead of
placing a water flow sensor at each tap inside the house, one sensor can be placed outside
on the main water supply. This is a cheaper method, but the problem comes down to
knowing which tap gave what amount of water. When implementing what researchers
have discovered [23], it is possible to specify which tap/appliance was opened/latched by
evaluating the effect that it has on the total water flow/current measurement.

As proposed by [24] there are different types of consumer appliances. Ranging
from power supply latching appliances (ON/OFF); multi-state appliances (appliances that
consume different amounts of power during its operation); continuously variable devices
(Light dimmers); and [25] permanent consumer devices (geyser and hardwired smoke

detectors).

2.7.3 Conclusion for ALM

ALM is useful when it comes to monitoring energy. Comparing ILM and NILM
they both have their advantages and disadvantages. ILM is a bit more expensive, but will
be helpful when precise data must be logged. NILM is a predictive method, not usually

100% accurate, but it can be helpful for smaller scale measuring systems.
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For example: measuring the power consumption of a residential house instead of a
5-story building. The testbed used for the radio network made use of ILM, because of

better accuracy and higher resolutions when it comes to energy monitoring.

2.8 Radio Transceiver modules

Radio transceivers are very popular in a module format (with all the components
on a small printed circuit board to manage the transmission and receiving of data bytes).
A common term for modern radio modules are LoRa®. LoRa® falls under the topic Low
Power Wide Area Network (LPWAN). The radio modulation scheme used is the chirp
spread spectrum (CSS). Other modulation types can be the basic frequency shift keying;
phase shift keying; or amplitude shift keying. Experimentation for this dissertation was
done with the RFM69HW that can do FSK, GFSK, MSK, GMSK and OOK modulations.

The following sections 2.8.1 and 2.8.2 discusses popular types of transceiver
modules operating at 868MHz and a review on the features that will apply to this
dissertation. §68MHz was chosen as it is an open license band in South Africa and does

not tend to interfere with other sub 1GHz open licenses, e.g. the 433MHz band.

2.8.1 RFM69HW from HopeRF"™
Described as a low powered transceiver module (Fig. 2.8) with a wide frequency
range of operation most of the communication parameters are programmable. High

receiving sensitivity of -120dBm at 1.2 kbps and a programmable power output can be
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programmed with ranges from -18 to +20 dBm in 1dBm steps. See appendix A for extra

information.

Fig. 2.8 RFM69HW radio transceiver

2.8.2 RN2483 from Microchip®

Described as a low powered transceiver module with a wide frequency range of
operation most of the communication parameters are programmable. It is a System on
Chip (SoC) with a high receiving sensitivity of -120dBm at 1.2 kbps and a programmable
power output can be programmed with ranges from -18 to +20 dBm in 1dBm steps. Fig.

2.9 [26] shows the module.
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Fig. 2.9 RN2483 SMT chip developed by Microchip

2.9 Gateway between sensing grid and internet

A gateway is a hardware-based device that provides a connection between two or
more different types of network protocols. In most cases the gateway is a node with an
extra connection interface that can be connected to the internet or any other type of
frequency that is different from the first or main network that the gateway is connected
to. The gateway may also be referred to as a bridge between a network and a user

interface [27].

2.10 Summary
All of these concepts were investigated, applied or altered in the incorporation

and development of the research project. Research about testbeds for WSNs, power
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optimisation protocols and relevant theory to radio networks was discussed and presented

in Chapter 2.
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Chapter 3

Development of a DAQ system for monitoring a WSN

3.1 Introduction

Exploratory work was done for chapter 3, to ensure that the obtained current
measurements from a Raspberry Pi and an ADS115 16Bit I°C ADC module are correct.
This research is to conclude if a WSN will operate longer when the routing algorithm is
based on the battery level of each node in the WSN. The network will be tested with 9
nodes; one being the sink node (gateway node) and the rest are sensor nodes. Measuring
the power usage of the WSN will give viable data that won’t need a simulation to
speculate the performance of a WSN’s routing algorithm. Using the Raspberry Pi and an
ADS115 16Bit I)C ADC module will provide an accessible method of obtaining energy
measurements and logging the data. Before a testbed for monitoring energy consumption
of a WSN can be build, the data acquisition (DAQ) should operate properly on a single

node. This simulation can replace actual field work and long delays for collecting data.

3.2  Tools used to test DAQ credibility of the WSN testbed.
Section 3.2 discusses the tools and considerations of these tools used for the

design of a testbed.
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3.2.1 The Digilent Analog Discovery""

Developed in conjunction with Analog Devices Inc., replaced by the Analog
Discovery 2, the Digilent Analog Discovery " (Fig. 3.1) can be used as an oscilloscope;
waveform generator; logic analyser; pattern generator; and a programmable power
supply. Using the software WaveForms 2015 the device can log readings taken from the
oscilloscope channels. The logged readings can then be used to create graphs for better

analysis and evaluation of the transmission power of a specific node.

Fig. 3.1 Digilent Analog Discovery
tool

3.2.2 NI myRIO™

As presented in previously mentioned work of the author of this dissertation[3],
the myRIO was a useful tool when logging analogue data. It combines a Field
Programmable Array (FPGA) chip with a real time processor. This allows a very fast

analogue sampling rate.
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Fig. 3.2 MyRIO from National Instruments

3.2.3 Python

Python is a high-level programming language for the programming of any type of
application. In this dissertation’s situation python is used on the Raspberry Pi. Usually
Linux and python are compatible without problems. This observation comes from the fact
that python comes preinstalled on most Linux distributions as said on the official python

support web page [28].

3.24 MySQL
MySQL is a database platform. It is convenient for storing data, requesting data
and just handling data. For this dissertation it was used to store throughput and energy

usage data, recorded by the designed radio testbed.
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3.3 The Node for testing DAQ tools

?vb\f

EREEEEAREELCE

: ArduRF1's

Fig. 3.3 Basic circuit for monitoring energy usage

The node that was tested is a single ArduRFls placed in series with a 10Q
resistor. Measuring the voltage difference through the resistor will give a resultant value
that is 10 times the value of the current usage. Using the Target3001!™ software the
circuit board was designed to interface with tools mentioned in section 3.2.1, 3.2.2. Fig.
3.3 shows the schematic for a circuit that is used for energy consumption calculations. J1
on Fig. 3.3 was used to measure the positive voltage, where J2 was considered as 0V.

The Power Monitor circuit (Fig. 3.4) is designed for supplying a known voltage to
the ArduRF1’s and measuring the breakout pins (J1 and J2 from Fig. 3.3) to calculate the
instantaneous current value and is equipped with an on board 5V/1A power supply. The
instantaneous power is calculated by using the variable data collected from the power
monitoring circuit. Results can be calculated by using equation (3.1 only by using a DAQ

device energy consumption.

32

© Central University of Technology, Free State



[ Central University of
Technology, Free State

J = Energy in Joules (J)
I = Current measured in Amsp(A)

V =Volts(V)

t = Tme measured in seconds (S)

Fig. 3.4 Power monitor circuit for the ArduRF1's

3.4 Analog Discovery setup and test

Hooking up the power monitor circuit (Fig. 3.4) to the Analog Discovery tool on
the prescribed channel 1 leads an external power source needs to be connected to the
power monitoring circuit. Using software WaveForms' = 2015 the tool’s logging function
was used. This function logged analogue values, plotting it on a graph and also allowing

the data to be exported to a .CSV file. A .CSV file is used for simplistic reasons. Fig. 3.5
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shows the connection between the power monitor and the Analog Discovery device now

used as a DAQ.

Fig. 3.5 ANALOG Discovery monitoring the current
consumption of an ArduRF1's

Three experiments were done with this tool. The first experiment involved manual
reprogramming of the ArduRF1’s after each test, in order to maintain a constant power
level. The power level is a value that is related to the transmission power of the wireless
node in the testing of power consumption while changing the package size. The package
size was varied between 60 packets and a minimum of 5. After each run the package size
was changed manually on the firmware and the ArduRF1’s was reprogrammed. Fig. 3.6

shows the programmed flowchart for the first tests.
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Initialise REM69HW

Set encryption

Set power level

Create test package variable
Delay 10 seconds

<
- A
\ 4

Transmit test package
Delay 2 seconds

\ 4

Fig. 3.6 Flowchart for firmware on the ArduRF1’s when testing the power consumption

related to package size.

Samples taken by the ANALOG DISCOVERY™ tool

Time in Seconds(s)

45 365 3.25 285 245 2s L6s L2s

Fig. 3.7 Voltage level recordings when package size was set to 5 bytes
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Using the Logger function provided by Waveform’s™ (2015) data voltage
readings across a 10-ohm resistor was taken, to determine the current at a specific time

stamp. Fig. 3.7 displays logged data over a 4 second period allowing two transmissions

during the logged session.

After saving all the data to a .CSV file, using Microsoft Office Excel, the total

energy for the period of 4 seconds was calculated using the following function as

represented by equation (3.2.

E= (e ) X VX0
E = Energy in Joules

N = total number of values recorded
x(n) = pointer to the data value collected
R = resister value to measure the current
V = the supply voltage to the node

t = time in seconds

The N in equation (3.2 represents the values recorded in a table, divided by
10(value of the resistor) to determine the current value and multiplied by time and
voltage to determine the energy used during the test. After using this formula on tests

done with packet sizes of 60, 30, 15 and 5. Table 3-1 was constructed for a summary of

all recorded data in the experiments.

© Central University of Technology, Free State
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Table 3-1 A summary of data collected from an experiment changing the package size of a

transmission
Test number: Package Size Energy used for 2 Peak Current
(Bytes) transmissions(mJ): | reading(mA):
1 60 238.627 20.96
2 30 235.673 18.936
3 15 234.384 16.883
4 5 230.992 14.656

Conclusion after the evaluation of Table 3-1. Package size has an effect on the
power consumption, as is clearly indicated by the results of the energy consumption of a
node during a 4 second evaluation period. The difference in the energy consumed by each
test done is not linear, meaning a bigger package size’s energy consumption can’t be
predicted using y=mx-+c.

For the second experiment using the Analog Discovery an extra loop was inserted
into the firmware. This time the experiment was done to see the influence of the power
level register of the RFM69HW. Fig. 3.8 shows the flow chart of the firmware that the
wireless node was operating on. The experiment was done 3 times with packet sizes of
60, 30 and 10 bytes. The ArduRF1’s was reprogrammed after each successful session of
logging data. The logging time was also adapted from 4 seconds to 20 seconds. After
collecting data from WaveForms the data was exported to a .CSV file. Adding the data in

1 file the following chart was created as shown by Fig. 3.9.
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The timing of the transmissions is not in sequence as the logging task was

initiated manually. This was sufficient for evaluation of the different current levels,.

Initialise RFM69HW

Set encryption

Set power level

Create test package variable
Delay 10 seconds

P
<

A\ 4

Set power level to max
Delay 10 seconds

\ 4

Is power level
0?

\ 4

l

Transmit test package
Decrease power level
Set new power level
Delay 0.8 seconds

Fig. 3.8 Flowchart diagram for changing the transmission power level in a loop

Evaluation of Fig. 3.9 illustrates that changing the power level has a major impact
on the peaks of the readings taken by the Analog Discovery. Comparing the number of
bytes transmitted with the power level, it is clear that by using the minimum power level

with 30 bytes, the current spike is almost the same as when using maximum power with
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10 bytes as the package size, as shown in Fig. 3.10. In fact, when using 10 packets the

power level has not that much effect on the wireless node.

Time vs Voltage
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Fig. 3.9 Recorded values for different package sizes while decreasing the power level

,s Current min and max values vs the amount of bytes

20
15

10

Current (mA)

v

60 Bytes 30 Bytes 10 Bytes

B Max Power Level Current Peak B Min Power Level Current Peak

Fig. 3.10 Illustrates the power level current peaks when transmitting
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After analysing Fig. 3.10 a conclusion was drawn that packet sizes of the
ArduRF1’s power level will not have that much effect on the radio, allowing for
maximum range of the radio. Meaning that it will be pointless to add extra control bytes

in a package to control the power level.

3.5 Raspberry Pi DAQ

The Raspberry Pi data acquisition system was developed to record analogue data
from a scalable amount of analogue readings. For the testbed created for this dissertation
the general concept was to have a few sensor nodes (eight nodes for this experiment) to
be connected to a single power supply that will provide power to all the nodes via the
energy monitoring circuit connected to the Raspberry Pi.

For this system to work the proof of concept was tested in previous work done as
shown in Appendix E. The system performed well enough to operate with the Nyquist
Theorem standards.

The system setup performed with a data rate of 3300 bps at maximum speed. The
Raspberry Pi had to monitor 8 nodes with a maximum sample rate of 3300bps. Using I>°C
to communicate to the module this slowed down the process. After testing the system, it
derived at approximately 3 samples per 13ms. This then meant that the system settled at

307 samples of 12-bit digital data values that ended up only being 2769bps.
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3.6 Raspberry Pi WSN testbed
There were a few projects concerning this dissertation in development of the

WSN testbed.

e Hardware Setup;

e Package Design;

e Arduino Development;

e Raspberry Pi preparation;

e MySQL setup;

e Python Visual Display Setup; and

e MATLAB® software control.

41

© Central University of Technology, Free State



[ Central University of
Technology, Free State

3.6.1 Hardware Setup

Fig. 3.11 WSN hardware Setup

Fig. 3.11 shows the entire project used in proof of this dissertation. Fig. 3.12
shows a closer image of the testbed purposefully used in this experiment with nodes
numbered from 2 to 9, the Raspberry Pi 3 and the ADS115 breakout board. The design
for the node breakout board was designed with 3 LEDs and an extra output pin with the

purpose of indication to the Raspberry Pi when transmission is happening (Fig. 3.13).
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Raspberry

Pi3

ADSI115

Breakout

Fig. 3.13 Node platform for the ARDURF1s
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3.6.2 Raspberry Pi Preparation

Raspbian Jessie is a Linux derivative, optimized to suit the Raspberry Pi
Environment. The goal of the current section was to create an environment that could
visually display power consumption data collected from the WSN testbed (Fig. 3.12). A
19inch LCD monitor with a custom build DAQ breakout board is attached to the

Raspberry Pi.

8 Channel A/D LCD Screen
converter Display

Raspberry Pi

Fig. 3.14 Block diagram of the testbed developed around the Raspberry Pi
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3.6.3 Python Data Logging Software Development

The current readings obtained from the testbed were logged into a MySQL
database. This method was chosen to simplify the method of moving or converting data.
The Raspberry Pi logged a general current reading from nodes each 5 second. This was to
keep the data to a minimum. Each node changed the state of an IO pin when transmission
began. This gave the Raspberry Pi a queue, initiating a high resolution of ADC sampling
rate on the specific node that initiated the request (IO pin trigger event). Fig. 3.15 has a
brief explanation of the flow of the python program developed for the testbed.

This was functional for determining the throughput. The problem that arose was
that the collected data did not have a good start and stop functionality. When the testbed’s
program was not stopped extra data was collected. Further development made it possible
to sync the GW node with the testbed. This meant that the GW node will only test a
topology for a certain amount of time and then the testbed will terminate automatically.

The throughput data gained from the MATLAB® program could be modified by
adjusting some delays on the nodes. Meaning that a 13ms delay was added on a node,
before transmission changed the throughput percentage from a low number to a very high
number (most of the times 100%).

This concluded the irrelevance of the throughput data being obtained from this

experiment and it was thus left out.
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Fig. 3.15 Flow Chart of the python code running on the Testbed
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3.6.4 Python Visual Interface

Fig. 3.16 shows the display that was developed on the raspberry pi using python
with the open source imported pygame library (www.pygame.org). It displays the
immediate current consumption at the node described. If Fig. 3.12 and Fig. 3.16 are
compared it is visible that the layout of the graphical display and the layout of the
physical testing bed are the same. The reason why all the nodes are not the same may be
due to the nodes not all having the same amount of functional on-board LEDs.

Each time a node does a transmission, the specific node indicates with a high
level GPIO pin set. This allows for the transmission count column to increase according
to each transmission of each node. This allows for easy inspection of the throughput of a

WSN.

Energy Monitor Raspberry Pi

Current:

26 mA

Node 7 0 Node 8 0

[Current: [Current:

25 mA .-\ﬂ 25 mA
B i Node 6 0

[Current:

23 mA

© o o oo o oo

B

Node 5
ICurrent:

Transmission

counter

Current

25 mA

Fig. 3.16 The Raspberry Pi displays the records and the transmissions
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3.6.5 Sensor Calibration

The sensor calibration was done using a resistor, to determine in an
uncomplicated manner if the system is working. This resistor was measured at 217.4 Q.
When calculating the current with a voltage difference of 4.75V the theoretical current
reading is 21.8mA. Fig. 3.17 shows how the wireless sensor node was disconnected to

connect the resistor in series with the power source.

Fig. 3.17 Resistor placement with the result being displayed on the monitor

The test was done with node 2 to node 9, each showing a result of 22 mA. This
means that the testbed measures current correctly, rounding the value to the nearest mA.

As an extra precaution a random node was disconnected from power and replaced with a
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322.4Q resistor. The expected result was 14.75 mA. The result that showed on the screen

was 15mA. This means the system is functioning correctly.

3.7 Summary

Exploratory work was done for chapter 3 to ensure that obtained current
measurements from a Raspberry Pi and an ADS115 16Bit [2C ADC module are correct.
This research is to conclude if a WSN will operate longer when the routing algorithm is
based on the battery level of each node in the WSN. The network will be tested with 9
nodes, one being the sink node and the rest are sensor nodes. Measuring the power usage
of the WSN gave viable data that didn’t need a simulation to speculate the performance
of a WSN’s routing algorithm. Using the Raspberry Pi and an ADS115 16Bit I2C ADC
module will provide an accessible method of obtaining energy measurements and logging
the data. Before a testbed for monitoring energy consumption of a WSN can be build, the
DAQ should operate properly on a single node. This simulation can replace actual field
work and long delays for collecting data. The testbed will not measure the received signal

strength indicator (RSSI) values of the nodes as the testbed is confined to limited space.

49

© Central University of Technology, Free State



: Central University of
Technology, Free State

Chapter 4

WSN setup and throughput testing via MATLAB®

4.1 Introduction
This chapter observes the firmware that was developed to test the WSN and to
measure the output as a result with MATLAB®. The protocol was designed to be part of

the transmitted package.

Every even number byte is a control byte for the nth -1 byte Node ID

indicator.
GW Data 2 7 3 7 4 7 8 7
Byte 1 2 3 4 5 6 7 8
Number

T

Every odd number byte shows the next Node ID.

Fig. 4.1 Example of the Package Design for the Custom protocol, as inserted into the GW
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4.2 Package Design for a custom protocol

When sending data from a Node to the Gateway or vice versa, a standard
benchmark of 64 bytes was decided on for working in the Arduino environment. 64 Bytes
is a big enough package size to transmit 51 ten bit values that is a common resolution for
a 0-5V analogue reading converted to a digital value. For this dissertation a custom
protocol was developed, enabling the Gateway Node to determine the route of data flow.

Fig. 4.1 illustrates a package size of 8 bytes. Looking at the values transmitted via
serial to the gateway node, the first byte indicates the node that the GW transmits the data
to. The second byte indicates how to switch the LEDs on the node test board. For
example the 7 indicated on byte 2 will light up three LEDs on the second node test board,

showing the binary value of 111.

T E——— . P
€ coms & CoM15
27374787 \
Press Y for custom or N for preconfigured network routes: Preas Y for custom or N for preconfigured network routes:
Custom route selected Custom route selected
0 0
i Iy
g
7374787
doooo
Messege Detected
74787
wooo7
. . Messege Detected
a) Insertion of Data into GW 787
o077
Messege Detected
7
50777
Messege Detected
w7777
b) Serial reply from GW

Fig. 4.2 Serial data to and from the GW node
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Fig. 4.2 a) illustrates how to insert data into the Arduino IDE serial monitor. This
process is also shown in Table 4-1, where row 1 is the data given to the GW via the serial
monitor as shown in Fig. 4.2 a), and the last row in Table 4-1shows data that can also be

obtained from Fig. 4.2 b) in the case of 100% throughput transmission.

Table 4-1 Package transmission by each node after receiving package from previous node

Node No. Package String Value Number of
Bytes:

1 “2(|)335077978760401” 17

2 “3350779787604016” 16

3 “507797876040103” 15

5 “77978760401030” 14

7 “9787604010307” 13

9 “876040103077” 12

8 “60401030777” 11

6 “4010307770” 10

4 “103077700” 9

Fig. 4.3 displays how data that was inserted into the serial monitor can translate to

the physical testbed. The reason for developing the package in this way is to have a
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package with a bit more data than only the routing information. This data can either be

used for the control of the system, or for response of the sensor data.

Fig. 4.3 An Example of LED's switched on wirelessly

4.3 Arduino Firmware development on the Node

At first there were three sketches for the Arduino’s used in this project. There
were two sketches for the gateway, one for the custom route paths, and the other for
predefined route paths. The node sketch on the Arduino nodes that was only analysing
packets it received. The first objective when listening to a packet was to identify if the
address matched the specific node. If the node ID was matched, the Arduino then

processed the rest of the packet.

53

© Central University of Technology, Free State



: Central University of
Technology, Free State

The firmware developed for the node needed to be adaptable in accordance to the
data it receives. The topology of the radio system is determined by the packet that

originated from the gateway.
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START

A\ 4

Initialise RFM69HW

Set NodeID

Set encryption

Set power level

Set  Trigger pin as
OUTPUT

V:

Received a __pNO
package?
Store package
received in
array
Package No
NodelD = —_—
This Node?

Set LED outputs to the
same value as stated by
packaged received.

A\ 4

Add LED output
value in binary to the
back of the package

\4

Modify package

Set Trigger pin high
Transmit modified package
to next specified NodeID
Set Trigger pin low

Fig. 4.4 Node firmware flow chart
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4.4 Arduino Firmware development on the GW

=witch (HodeTol} {
Came 2:
dtringToChar ( ([char*}™201"};
Tran=mit ([} ;
break;
came 3:
tringToChar ( (char*}™301"};
Tran=mit ([} ;
break;
Ccame 4:
StringToChar ( (char*}™401"};
Tran=mit ([} ;
break;
came 5:
JtringToChar ( (char*}™3050301"});
Tran=mit ([} ;
break;
came 6:
StringToChar ( (char*}"40€60401™}) ;
Tran=mit ([} ;
break;
came T:
JtringToChar ( (char*}™3070301"});
Tran=mit ([} ;
break;
ca=e B:
StringToChar ( (char*}™4080401"}) ;
Tran=mit ([} ;
break;
came 9:
StringToChar ( (char*}™2050201"}) ;
Tran=mit ([} ;
break;
defanlt:
Receive [} ;

break;

Recmive () ;

Fig. 4.5 Tree-network preconfigure firmware

Version two of the GW firmware was adapted to have the option of a

preconfigure route for transmission, or have custom route, provided by the serial input.
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The packet designed was discussed in section 4.1. As shown in Fig. 4.6 the GW waits for
a serial response. The first serial response identifies if the GW will go into custom route
mode, or pre-determined packet mode. The pre-determined mode needs to be edited by
tree network as shown in Fig. 4.5. The “NodeTo” is inserted into the function with data
received from the serial interface and will be determined by the end node of the tree
network.

When changing the Tree network topology to a Ring network topology the
NodeTo value was constantly 2, and the “StringToChar” variable was changed to

“20305070908060401”.
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Setup Serial
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Fig. 4.6 Gateway Arduino firmware flow chart
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3
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Display: ‘Node
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a
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into array x
Display char n

Fig. 4.7 MATLAB® Flow chart

4.5 MATLAB® Program
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Fig. 4.7 is a summary of the MATLAB® code written to analyse the throughput of
the data, also requesting a transmission. This specific example does the loop 30 times and
then saves the data on a .CSV file. 30 loops seemed sufficient for obtaining enough
results. The computer talks via serial to the ArduRFIls Gateway module. Giving it an
ASCII command valued between ‘0’ and ‘8’. The gateway will reply to the computer via
serial with the throughput results of the requested transmission. This only works with the

preconfigured routes already programmed into the gateway, as explained in section 4.3.

4.6 Testing Procedure for basic topology test

For a basic topology test the system was setup to do two methods. The topology is
setup on the Gateway processor and the number of runs is setup on the MATLAB®
program that interfaces the throughput data of the Gateway.

Step 1:

Decide which topology needs to be used. For scenario 1 the gateway was setup to
do the tree network topology. This is changed by manipulating a variable in the firmware
for the gateway. Upload the firmware once the variable is changed.

Step 2:

Start the GUI on the Raspberry Pi. This initiates the DAQ where the data is saved

in the MySQL database.
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Step 3:

Decide on the amount of runs that the testbed needs to do and edit the variable on
the prepared MATLAB® code. This value must be kept consistent with all topology tests
that have to be done to get comparable data. Connect the gateway node to the computer
that runs the MATLAB® script to ensure that the com ports are correct in the script and
run it. The physical testbed also needs to be within range.

Step 4:

After the MATLAB® script has finished its routine, the throughput data will be
displayed in the command window. This data is then copied and saved into a text file.

Step 5:

In this step data is extracted from the MySQL database and saved in .CSV files.
Each node has a .CSV file that contains timestamps and current readings.

Step 6:

Import the data into MATLAB® and draw the figures necessary for evaluation of

data.

4.7 MATLAB® visual data created with .CSV files

The code that turned all the necessary data into graphs is shown in Appendix B.
The logged data of each node was used to generate a graph that can be placed in the
results. Because there was a lot of data only one of the topology graphs was inserted in

the results chapter.

61

© Central University of Technology, Free State



Chapter 5

Communication and power results obtained by experimental setup

5.1 Introduction
In this chapter results that was retrieved from the DAQ system is displayed and

explained.

5.2 Tree network:

The basics of a tree network topology are for bi-directional communication to the
previous or next node. The route the packages follow to the end node is the same route
the packages will follow in reverse. E.g. if the gateway wants to transmit info to node
number 9 the route for this example is from GW to node 2-3-9. When node 9 wants to

transmit data, it follows the same route, but only in reverse. Fig. 5.1 displays how the

)

Fig. 5.1 Tree Network Topology with Packet paths indicated by arrows
© Central University of Technology, Free State
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setup of the current testbed looks like.
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Fig. 5.3 Node 4 and 5 current readings in digital format
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Fig. 5.4 Node 6 and 7 current readings in digital format
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Fig. 5.2; Fig. 5.3; Fig. 5.4; and Fig. 5.5 display the raw data collected from the
testbed (Fig. 3.13). Using the instructions setup in section 4.6 this data was retrievable.
The raw data is too much to get a clear picture of the energy consumption. Instructions

described in section 4.7 were used to create the visual data used in the results.

Energy Consumption Graph: Tree Topology

Total Energy of Node in Joules

Node2 Node3 Node4 Node5 Node6 Node7 Node8 Node9

Fig. 5.6 Total Energy bar graph for a tree topology

Observing Fig. 5.6 in accordance with Fig. 5.1 shows that node 5 and node 6 uses
the least amount of energy during the test duration. This is a clear indication of
inconsistency in the nodes that are used on the testbed, theoretically node 5,6,7,8 and 9

should use the same amount of energy, that should be a little bit less the what node 3 and
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4 uses for the same test. Node 2 should use the most energy (as also indicated in Fig. 5.6),

because it handles the most data.
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5.3 Ring Network

The ring network topology is a transmission of data across the entire network. The
path was from node 1 to node 2, 3,5,7,9,8,6,4 and back to one. The first test was to test
the ring network 240 times. Fig. 5.7 shows the ring network topology on the self-

developed radio network testbed.

0/

AN

e

oo

Fig. 5.7 Ring Network Topology with Packet paths indicated by arrows

The ring network topology is better when nodes 3 and 5 to 9 are out of reach of
the gateway node. Even though the distance gain might be a positive feature, if one node

malfunctions, the integrity of the network is compromised.
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Energy Consumption Graph: Ring Topology
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Fig. 5.8 Total Energy bar graph for a ring topology

5.4 Star Topology

The star network topology (Fig. 5.9) can only be plausible when all the nodes can
transfer data to the central gateway node. All the nodes should also not transmit at the
same time because a single node will not be able to handle all the data at the same time,
or the data can be scrambled. On the positive side, none of the nodes are dependent on

one another, if one node is malfunctioning, the system will still work.
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Desktop

Fig. 5.9 Star Network Topology with Packet paths indicated by arrows

20 Energy Consumption Graph: Star Topology
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Fig. 5.10 Total Energy bar graph for a star topology
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From the theoretical data of Fig. 5.Fig. 5.10 it could be expected that each node
would use the same amount of energy, but the bar graph indicates that 6 and 8 use a bit

less energy and the others a bit more than the expected average.

5.5 Star Tree Topology

/G

S

°
g

Fig. 5.11 Star Tree Network Topology with Packet paths indicated by arrows

Fig. 5.11 shows the configuration of a star tree network topology. This test was
done to combine two topologies and measure the outcome based on energy consumed.

Fig. 5.13 gives the energy per node produced by the test that was run on the testbed.
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Fig. 5.12 Random Network Topology with Packet paths indicated by arrows

71

© Central University of Technology, Free State



[ Central University of
Technology, Free State

20 Energy Consumption Graph: StarTree Topology
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Fig. 5.13Total Energy bar graph for a star tree topology

5.6 Random Topology

This topology (Fig. 5.12) was added to the testbed to have a benchmark to test if
the other topologies have a better advantage over a logically impotent topology. Fig. 5.14

shows that most of the nodes used a bit more energy than 60 Joules, but with abnormal

low energy usage by node 6.
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20 Energy Consumption Graph: Random topology

Total Energy of Node in Joules

Node2 Node3 Node4 Node5 Node6 Node7? Node8 Node9

Fig. 5.14 Total Energy bar graph for a self-designed topology
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Fig. 5.15 Total energy consumed by each topology test
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5.7 Total energy consumed by topologies

Adding the energy of each node categorized by each topology, the total amount of
joules is displayed in Fig. 5.15. This info is useful specifically to the nodes that were used
on this circuit. The star tree topology used the least amount of energy, 421.991J.

Fig. 5.16 shows the maximum energy consumed by a node in the specified
topology. This data is crucial in determining the lifetime of a specific topology as a chain

1s most weak at the weakest link.

SUMMERY OF MAX ENERGY
CONSUMED BY A NODE

45

RANDOM RING STAR STARTREE TREE

63,25
63

60,054184
60,380294
60,835431

Fig. 5.16 Maximum energy consumed by a node in a certain topology configuration

74

© Central University of Technology, Free State



5.8 Results evaluation

Using prediction software and simulation software for testing the longevity of a
wireless network it can be complicated and difficult to do everything in theory.
Sometimes the issue might be that all the variables are unknown. Radio modules
operating on the open licenses are very popular in the era of IoT. With a lot of open
source codes available to program these modules it can be easily utilised by using

Arduino hardware implementation.

5.8.1 Single Node Evaluation of Nodes in a Topology

Fig. 5.6, Fig. 5.8, Fig. 5.10, Fig. 5.13 and Fig. 5.14 looks at the total energy
consumption of a node inside a topology. On viewing these bar graphs a few
abnormalities is visible, that is not explainable just by evaluating the data. If this test was
done in theory the star topology analysis would have resorted in each node using the

same amount of energy.

5.9 Conclusion based on the results

The goal was to analyse energy consumption with different topologies to discern
which topology would be more efficient when it comes to depleting the energy sources of
each node in the network. The results have shown that a star-tree configuration used the
least amount of energy in total (Fig. 5.15). This is a bad conclusion taking into account
the duration of time that this topology will be working. A chain is only as strong as its

weakest link. This implies that if one node is down, the network is down. Fig. 5.16
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demonstrates the theory that a chain is as strong as its weakest link and revealed that a
star topology optimised the network to have a node that consumed the maximum energy
to be 60.05 Joules. The crux of a star topology is that it limits the range of nodes. Each
node only knew the route to the next node once upon the reception of a viable package.
The more complicated the route that a packet needed to travel, the bigger the package

size was to hold the route information.
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Chapter 6

Conclusion

6.1 Introduction

After developing a basic wireless node network that could be reconfigured to test
different topologies, it was equally important to find a way to capture data produced by
the network. In this case the energy consumption data was important in order to evaluate
the duration of a network’s possible life time. An Artificial Reconfigurable wireless
network optimization based on battery levels, was semi-simulated in the lab. The wireless
network was artificially reconfigurable, but instead of using physical batteries, a testbed

was developed to provide and monitor the power of each node in the network.

6.2 Summary
In this research the following results were achieved:

1. A reconfigurable wireless network was developed, acting as a real
network;

2. Testing methods for measuring and evaluating energy of a node was
introduced;

3. Development of a testbed based on tested methods;

4. Proof of functionality of the testbed;

5. Proof of which topology used the least amount of energy; and
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6. Conclusion about the longevity of a radio network.
Evaluation of the throughput data was also briefly analysed, but the results were

not constant and therefore it was left out of this study.

6.3 Final Remark

This study observed wireless sensor networks and the energy consumption of a
wireless sensor network. In industry the artificial reconfigurable network based on energy
consumption can be used in some applications, but it might not be a popular option as it
is customary to develop a network sensor with a low power source. The industry is
currently focussing on developing low energy consumption radio networks of which

Bluetooth Low Energy (BLE) is a good example.

6.4 Future studies

By using available electronics it is possible to measure the power consumption of
a Wireless Sensor Network (WSN) to determine which topology might have an
improvement on battery life and how to set up an efficient protocol. This action
simplifies the prediction calculation of the radio network's lifetime. If the power source is
only dependant on a battery, in the case of a deployed WSN, this is useful in the
prediction of site visits. Improvements of this study can be done by adding extra
environmental tests to the testbed. The testbed designed and used for this study could not

test throughput thoroughly, as each node was near the next one and the system could not,
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unless further development was initiated on the testbed, identify where the link broke in

the communication between the nodes,.
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Appendix B MATLAB® code

clear all;
close all;

clc

N2
N3
N4
N5
N6
N7
N8
N9

N2Data
N3Data
N4Data
N5Data
N6Data
N7Data
N8Data
N9Data

Node2y
Node3y
Nodedy
Nodeb5y
Node6y
Node7y
Node8y
Node9y

Node2x
Node3x
Node4x
Node5x
Node6x
Node7x
Node8x
Node9x

fopen(“node2.csv™);
fopen("node3.csv™);
fopen("node4d.csv™);
fopen("node5.csv™);
fopen(“node6.csv™);
fopen(“node7.csv™);
fopen(“"node8.csv™);
fopen("node9.csv™);

textscan(N2, "%f %F %d","HeaderLines",0,"Delimiter”,”,
textscan(N3, "%T %F %d", "HeaderLines",0, "Delimiter”,”,
textscan(N4, "%f %f %d®, "HeaderLines®,0, "Delimiter”,”,
textscan(N5, "%f %f %d","HeaderLines®,0, "Delimiter”,”,
textscan(N6, "%f %f %d", "HeaderLines®,0, "Delimiter”,”,
textscan(N7, "%f %F %d","HeaderLines",0,"Delimiter”,”,
textscan(N8, "%T %F %d","HeaderLines",0, "Delimiter”,”,
textscan(N9, “"%f %f %d", "HeaderLines®,0, "Delimiter”,”,

N2Data{l,1}(:,1);
N3Data{l1l,1}(:,1);
N4Data{1l,1}(:,1);
N5Data{l,1}(:,1);
NeéData{1l,1}(:,1);
N7Data{l,1}(:,1);
N8Data{l,1}(:,1);
N9Data{1l,1}(:,1);

N2Data {1,2}(:,1);
N3Data {1,2}(:,1);
N4Data {1,2}(:,1);
N5Data {1,2}(:,1);
NéData {1,2}(:,1);
N7Data {1,2}(:,1);
N8Data {1,2}(:,1);
N9Data {1,2}(:,1);

fl = Figure(l);
cla; hold on; grid on;
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plot(Node2x,Node2y, "r-");
title("Node 27);

ylabel ("Current Readings in Digital
xlabel ("Time in Seconds®);
saveas(fl, "Node2.png");

2 = Ffigure(2);

cla; hold on; grid on;
plot(Node3x,Node3y, "r-");
title("Node 3%);

ylabel ("Current Readings in Digital
xlabel ("Time in Seconds®);
saveas(f2, "Node3.png");

3 = figure(3);

cla; hold on; grid on;
plot(Node4x,Nodedy, "r-");
title("Node 4%);

ylabel ("Current Readings in Digital
xlabel ("Time iIn Seconds®);
saveas(f3, "Node4.png");

f4 = figure(4);

cla; hold on; grid on;
plot(Node5x,Nodeby, "r-");
title("Node 5%);

ylabel ("Current Readings in Digital
xlabel ("Time iIn Seconds®);
saveas(f4, "Node5.png*);

5 = figure(b);

cla; hold on; grid on;
plot(Node6x,Nodeby, "r-");
title("Node 67);

ylabel ("Current Readings in Digital
xlabel ("Time iIn Seconds®);
saveas(f5, "Node6.png");

6 = figure(6);

cla; hold on; grid on;
plot(Node7x,Node7y, "r-");
title("Node 77);

ylabel ("Current Readings in Digital
xlabel ("Time iIn Seconds®);
saveas(f6, "Node7.png");

7 = figure(7);
cla; hold on; grid on;
plot(Node8x,Node8y, "r-");

Format*®);

Format*®);

Format®);

Format®);

Format*®);

Format*®);
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title("Node 87%);

ylabel ("Current Readings in Digital Format®);
xlabel ("Time iIn Seconds®);
saveas(f7,"Node8.png");

8 =
cla;

figure(8);
hold on; grid on;

plot(Node9x,Node9y, "r-");

title("Node 97);

ylabel ("Current Readings in Digital Format®);
xlabel ("Time iIn Seconds®);

saveas(f8, "Node9.png");

TotalEnergy = zeros(8,1);

for

end

for

end
for

end
for

end
for

i1 = 2:length(Node2y)

CurrentReading = Node2y(1i1)*0.0244;

PowerReading = CurrentReading*0.005;

Timelnterval = Node2x(ii)-Node2x(ii-1);

Energy = PowerReading*Timelnterval;
TotalEnergy(1) = TotalEnergy(1)+Energy;

i1 = 2:length(Node3y)

CurrentReading = Node3y(i1i1)*0.0244;
PowerReading = CurrentReading*0.005;
Timelnterval = Node3x(ii)-Node3x(ii-1);
Energy = PowerReading*Timelnterval;
TotalEnergy(2) = TotalEnergy(2)+Energy;

ii = 2:length(Nodedy)

CurrentReading = Nodedy(ii)*0.0244;

PowerReading = CurrentReading*0.005;

Timelnterval = Node4x(ii)-Nodedx(ii-1);

Energy = PowerReading*Timelnterval;
TotalEnergy(3) = TotalEnergy(3)+Energy;

ii = 2:length(Nodeby)

CurrentReading = Nodeb5y(1i1)*0.0244;

PowerReading = CurrentReading*0.005;

Timelnterval = Node5x(ii)-NodeSx(ii-1);

Energy = PowerReading*Timelnterval;
TotalEnergy(4) = TotalEnergy(4)+Energy;

ii = 2:length(Node6y)

CurrentReading = Node6y(11)*0.0244;
PowerReading = CurrentReading*0.005;
Timelnterval = Node6bx(ii)-Nodebx(ii-1);
Energy = PowerReading*Timelnterval;
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TotalEnergy(5) = TotalEnergy(5)+Energy;
end
for i1 = 2:length(Node7y)
CurrentReading = Node7y(ii)*0.0244;
PowerReading = CurrentReading*0.005;
Timelnterval = Node7x(ii)-Node7x(ii-1);
Energy = PowerReading*Timelnterval;
TotalEnergy(6) = TotalEnergy(6)+Energy;
end
for ii = 2:length(Node8y)
CurrentReading = Node8y(i1i1)*0.0244;
PowerReading = CurrentReading*0.005;
Timelnterval = Node8x(ii)-Node8x(ii-1);
Energy = PowerReading*Timelnterval;
TotalEnergy(7) = TotalEnergy(7)+Energy;
end
for i1 = 2:length(Node9y)
CurrentReading = Node9y(11)*0.0244;
PowerReading = CurrentReading*0.005;
Timelnterval = Node9x(ii)-Node9x(ii-1);
Energy = PowerReading*Timelnterval;
TotalEnergy(8) = TotalEnergy(8)+Energy;
end
fo=Figure(9);
X =
categorical ({"Node2", "Node3", "Node4*", "Node5", "Node6" , "Node7", "Node8" , "N
ode9"}P);
str = pwd ;
idx = strfind(str,"\") ;
foldername = str(idx(end)+1l:end) ;
figurename = strcat(foldername, " .png”) ;
%titel (figurename);
bar(x,TotalEnergy);
title(["Energy Consumption Graph: *,foldername]);
xlabel (" ");
ylabel("Total Energy of Node in Joules®);
saveas(f9,figurename);
DataSave = strcat(foldername, ™. txt");
save(DataSave, "TotalEnergy","-ascii”);
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Appendix C Arduino Code GW

#include <RFM69.h> //get it here: https://www.github.com/lowpowerlab/rfm69
#include <RFM69 ATC.h>//get it here: https://www.github.com/lowpowerlab/rfm69
#include <SPL.h>

#include <SPIFlash.h> //get it here: https://www.github.com/lowpowerlab/spiflash
//21 August 2018 insert Star topology

U**********************************************************************
sk sk sk sk s sk sk sk sk sk seoske sk seosk sk sk sk skosk sk sk

Jpexdssdciackck IMPORTANT SETTINGS - YOU MUST CHANGE/CONFIGURE TO
FIT YOUR HARDWARE s skasissioicteick

U**********************************************************************
sk sk sk sk s sk sk sk sk sk sfeoske sk seosk sk sk sk skosk sk sk

#define NODEID 1 //must be unique for each node on same network (range up to
254, 255 is used for broadcast)

#define NETWORKID 100 //the same on all nodes that talk to each other (range up to
255)

#define GATEWAYID 1

//Match frequency to the hardware version of the radio on your Moteino (uncomment
one):

#define RESETPIN 5

#define LED1 5

#define LED2 6

#define LED3 7

#define TRIGGERPIN 4

#define FREQUENCY RF69 868MHZ

#define ENCRYPTKEY "crosspollination" //exactly the same 16 characters/bytes on all
nodes!

#define IS RFM69HW

//#define ENABLE ATC

#define SERIAL BAUD 115200

int TRANSMITPERIOD = 1500; //transmit a packet to gateway so often (in ms)

char Package[30];

int PackageCount[10]={0,0,0,0,0,0,0,0,0,0};

int PackageWrongCount[10]={0,0,0,0,0,0,0,0,0,0};

bool DidReceive=false;

int count = 60;

int PackageSize;

int NodeTo=0;

int RecieveRouteByte = 0;

bool RecieveOn = false;
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bool CustomRoute = false;

int NextNode = 0;

char Input[30];

int loopcount=0;

int receivecount=0;

RFM69 radio;

void setup() {
Serial.begin(SERIAL BAUD);
radio.promiscuous(true);
radio.initialize(FREQUENCY ,NODEID,NETWORKID);

radio.setHighPower();
radio.encrypt(ENCRYPTKEY);
pinMode(TRIGGERPIN,OUTPUT);
radio.setPowerLevel(31);
while(Serial.available()==0);
Serial.println("Starting Simulation");

}

void Receive()

{

if(radio.receiveDone())
{
PackageCount[radio.SENDERID]
PackageCount[radio.SENDERID]+radio. DATALEN;
DidReceive = true;
if (radio. TARGETID == NODEID)
{
for (byte i = 1; 1 <radio. DATALEN; i++)
{
Package[i] = radio. DATA[i];
/I Serial.write(Package[i] +'0");
}
//" Serial.write(radio.DATA[0]+'0");
/I Serial.println();
}

else

{
/I Serial.println("Messege Detected");

for (byte 1=0; 1 <radio.DATALEN; i++)
{

radio.DATA[i];
/I Serial.write(radio. DATA[i]+'0");

}
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PackageCount[radio. TARGETID]=PackageCount[radio. TARGETID]+radio. DATALEN;
/I Serial.println();

b
}
j

void Transmit()

{
NextNode = Input[0];
for (int i = 0; i < PackageSize; i++)
{
Package[i] = Input[i + 1];
//Serial.print(Package[i]+'0');
¥
Package[PackageSize] = 0x11;
for (int 1 = 1; i < ((PackageSize/2)+2); i++)
{
Package[PackageSize + 1] = 0x00;
//Serial.print(Package[PackageSize + 1+ 1]+'0');
}
PackageSize=PackageSize+((PackageSize/2)+1);
for(int 1 = 0; 1 < PackageSize;i++)

{
// Serial.write(Package[i]+'0");
h
radio.send(NextNode, Package, PackageSize, false);
// Serial.println("B");
§
void CustomProtocol(){
if (Serial.available() > 0)
{
delay(30);
inti=0;
while(Serial.available())
{
delay(20);
Input[i] = Serial.read();
// Serial.print(Input[i]);
Input[i] = Input[i] - '0";
PackageSize = i;
1++;
J
Serial.print(PackageSize, DEC);
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Serial.println();
Transmit();

}

Receive();

}
void StringToChar(char *Test)

{
inti=0;
while(Test[i]!'="0")
{
Input[i] = Test[i]-'0';
1++;
}
PackageSize = i-1;
}
void TreeNetwork(int j)
{
NodeTo =j;
switch (NodeTo){
case 2:
StringToChar((char*)"201");
Transmit();
break;
case 3:
StringToChar((char*)"301");
Transmit();
break;
case 4:
StringToChar((char*)"401");
Transmit();
break;
case 5:
StringToChar((char*)"3050301");
Transmit();
break;
case 6:
StringToChar((char*)"4060401");
Transmit();
break;
case 7:
StringToChar((char*)"3070301");
Transmit();
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break;

case 8:
StringToChar((char*)"4080401");

Transmit();

break;

case 9:
StringToChar((char*)"2090201");

Transmit();

break;

default:

break;

h
}
void StarNetwork(int j)
{
NodeTo =j;
switch (NodeTo){
case 2:
StringToChar((char*)"201");
Transmit();
break;
case 3:
StringToChar((char*)"301");
Transmit();
break;
case 4:
StringToChar((char*)"401");
Transmit();
break;
case 5:
StringToChar((char*)"501");
Transmit();
break;
case 6:
StringToChar((char*)"601");
Transmit();
break;
case 7:
StringToChar((char*)"701");
Transmit();
break;
case 8:
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StringToChar((char*)"801");
Transmit();
break;
case 9:
StringToChar((char*)"901");
Transmit();
break;
default:
break;

h
void loop() {

int Total = 0;

while(loopcount<100)
{
for(int 1 = 2;i<10;i++)
{
/I TreeNetwork(i);
StarNetwork(i);
intj=0;
while(j<600)
{
Receive();
delay(1);
it
§
if(!DidReceive)
{
PackageWrongCount[i]++;
§

else

{

DidReceive=false;

}
}

loopcount++;

}
for(int 1 = 2;1<10;i++)

{
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Serial.print(i,DEC);
Serial.print(" - ");
Serial.println(PackageCount[i],DEC);
Total = Total + PackageCount[i];
}
Serial.println(Total, DEC);
while(1);
/I if (Serial.available() > 0)
7R
/!
/" int NodeTo = Serial.read();
/I // Serial.print(Input[i]);
// NodeTo = NodeTo -'0";
/I TreeNetwork(NodeTo);
/!
/!
N}

/I CustomProtocol();

h
void LEDController(bool a, bool b, bool ¢)

{
digital Write(LED1, a);
digitalWrite(LED2, b);
digital Write(LED3, c);
b
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Appendix D Arduino Code Node

/*Beginning of Auto generated code by Atmel studio */

#include <Arduino.h>
/*End of auto generated code by Atmel studio */

// Sample RFM69 sender/node sketch, with ACK and optional encryption, and Automatic
Transmission Control

// Sends periodic messages of increasing length to gateway (id=1)

// 1t also looks for an on-board FLASH chip, if present

// REM69 library and sample code by Felix Rusu - http://LowPowerLab.com/contact

// Copyright Felix Rusu (2015)

#include <RFM69.h> //get it here: https://www.github.com/lowpowerlab/rfm69
#include <RFM69 ATC.h>//get it here: https://www.github.com/lowpowerlab/rfm69
#include <SPL.h>

#include <SPIFlash.h> //get it here: https://www.github.com/lowpowerlab/spiflash
//Beginning of Auto generated function prototypes by Atmel Studio

//End of Auto generated function prototypes by Atmel Studio
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ﬁ**********************************************************************

sk sk s ok s ke s sk sk sk sk ook sk sk sk skosk skok skokosk

sk IMPORTANT SETTINGS - YOU MUST CHANGE/CONFIGURE TO

FIT YOUR HARDWARE sk etttk

ﬁ**********************************************************************

sk sk s sk s ke sk sk sk sk sk ook sk sk sk sk ki skokosk

#define NODEID 2//9  //must be unique for each node on same network (range up
to 254, 255 is used for broadcast)

#define NETWORKID 100 //the same on all nodes that talk to each other (range up to
255)

#define GATEWAYID 1

//Match frequency to the hardware version of the radio on your Moteino (uncomment
one):

#define RESETPIN 5

#define LED1 5

#define LED2 6

#define LED3 7

#define TRIGGERPIN 9

#define FREQUENCY RF69 868MHZ
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#define ENCRYPTKEY "crosspollination" //exactly the same 16 characters/bytes on all
nodes!

#define IS RFM69HW

//#tdefine ENABLE ATC //comment out this line to disable AUTO TRANSMISSION

CONTROL

ﬁ**********************************************************************

sk sk s ok s ke o sk sk sk sk s sk sk ke sk sk skok sk sk

#define SERIAL BAUD 115200
int TRANSMITPERIOD = 1500; //transmit a packet to gateway so often (in ms)
char Package[30];
int count = 60;
int RecieveRouteByte = 0;
bool RecieveOn = false;
int NextNode = 0;
RFM69 radio;
void setup() {
Serial.begin(SERIAL BAUD);
radio.promiscuous(true);
radio.initialize(FREQUENCY ,NODEID,NETWORKID);
radio.setHighPower();

radio.encrypt(ENCRYPTKEY);
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pinMode(TRIGGERPIN,OUTPUT);
radio.setPowerLevel(31);

for (inti=5;i<8;i++)

{

pinMode(i, OUTPUT);

digitalWrite(i, LOW);

}

void loop() {
//process any serial input
if (radio.receiveDone())
{
int RXSize = 0;
for (byte 1 = 0; i <radio.DATALEN; i++)
{
Package[i] = radio.DATA[i];
RXSize =1
if (radio.DATA[i] == 0xAA)
{

RecieveRouteByte = i;
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}
char TXPackage[30];
if (radio. TARGETID == NODEID)
{
inti=0;,
while (i < (RXSize-1))
{
TXPackage[i] = Package[i + 2];
i++;

}

int LogLED = (RecieveRouteByte*(1.5))-2;
TXPackage[LogLED] = Package[0];
NextNode = Package[1];
switch (Package[0]) {
case 0:

LEDController(0, 0, 0);

break;
case 1:

LEDController(0, 0, 1);

break;

case 2:
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LEDController(0, 1, 0);
break;

case 3:
LEDController(0, 1, 1);
break;

case 4:
LEDController(1, 0, 0);
break;

case 5:
LEDController(1, 0, 1);
break;

case 6:
LEDController(1, 1, 0);
break;

case 7:
LEDController(1, 1, 1);
break;

default:
break;

}

digitalWrite(TRIGGERPIN,HIGH);

102

© Central University of Technology, Free State



radio.send(NextNode, TXPackage, RXSize - 1, false);
digital Write(TRIGGERPIN,LOW);
/I Serial.print((char)radio.DATA[1]);

// Serial.print(" [RX_ RSSI:");Serial.print(radio.RSSI);Serial.print("]");

b
}
void LEDController(bool a, bool b, bool c)
{

digitalWrite(LED1, a);

digital Write(LED2, b);

digital Write(LED3, c);
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Wireless Node Energy Monitor using common

Development Platforms
Using a Raspberry P1 to monitor energy consumption by a WSN

Petrus van Staden and Ben Kotze
Deepartment of Electrical Elactronic and Computar Engmeening
Central Univarsity of Technology, Free State
Bloemfontein, South Africa
vanstadenp@cut ac za, bkotze(@iout ac za

Abstract— this arficle presents a simple method of acquiring data
in order to experiment on the energy comsumpfion of wireless
sensor networls, This data allows farther work in dezsizming an
affordable W5EN testbed. Development platforms uszed in this
article waz the Raspberry Pi 3 connected fo an ADC and the
myRI0 from National Instruments utilizing a FPGA processor.

Eoywords—WEN topology, Energy, DAQ, Testhedy

L INTRODUCTION

ThJE-pZ;E’]IDpD!E! a method for bulding a testbed that 15
mE3EUrmE energy usage on a Wireless Sensor Wetwork (WEIN)
with popular development platforms. Experimenting on the
topology of 2 W5N the power usage 15 mestly caleulated in
theory or advanced testhads can be uzad for bire 25 discnssed m
a survey done on WEN testhads [1]. The theoretical calenlations
will work on caleulating the energy used om all WEN
configurations, but the results will mostly grve a comparatrve
seale factor that m concluzion can be compared to other WEN
topologias. Die to many variables, the prediction of battery hife
using only theory will gre an unreliabls resnlt. By measuning
the power uzage of sach node during an exparmment on W3N's
the battery lifs time can be predictad. An expeniment 1= done
using a high-speed data acquinng device and companmg it to a
more affordable Limm based computer (Raspberry Pi with
Faspbian Jezzie installed) m the process of developmz 2 WEN
testbed that focuses on power consumption of 3 WEN.

Ralevant theary for this articls presents already developed
testbeds, methods of acquiring cumrent measurements at high
zampling rates, logging cwrent measurements, converting
anzlog to digital data and determiming power usags. For the
method of this article acquinng data wamg the myRIO from
Mationzl Instrioments for a very high pracizion data mezsurement
at a very high data rate provided a perfect benchmark to test the
Faspberry Pi data acquisiton (DAY system. The performance
of the Raspharry Pi DA will allow a concluzion that will state
if a Raspberry P1 DAQ) can be used to log power consumption
of multiple wireless nodes allowmg the deployment of 2 WEN
testbed that measures the power consumption of a WSN_ Fig. 1
shows 2 basic block diagram of the proposed solution to a

Far
aeea

II. THECRY OF MAKING A DATA ACCAIISITION SYSTEM AND
FREVIOUS WOEE

A Related Works on the Development of Simpls Testbads

Motelab: a wireless sensor network testhed [2], kmowm to be
ome of the first WEN tastbeds [1] if consists of a set permanantly
deployed zensor network nodes. The zystem 15 web-baszed and
can be controlled with 2 central server. The central server
handles data gathermz and application deployment. The basiz of
this system 13 deploved at Harvard Unmersity. Motelab uses
MicaZ node attached to an Ethemet mterface platform operating
at 4330Hz=.

Article [3] actually used 5 Faspberry Pi's 25 a part of 2
wireless mesh network Thizs 15 very zimilar as the proposed
outcome of this arbicls, but with the mam difference that the
mdusimmﬂtadhlﬁambaq‘?imimﬁng E wareless
zensor nodes.

E. Related Works for acguiving data from aralog devices

M. AmbroZz used a Raspberry Pi to acquire data from 2
human powered wehicle to  determme physical power
requirements. The proposed zystem logged data from an
accelerometer nzmg anzlog pms and saving the data to 2 file [4].

FPGA-baszed wireless sensor nodes for wibraton monitormg
syztem and fault diagnosis proposed 2 solution for synchronous
data acquiziion of systems that vibrate [3]. The tests by
Bengherbia et al. was performed on 2 rofaimg machme fest
bench with an imbalancs fault.
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Fig 2 ADS1115 ADC breskout board by Adafrait® [12]

High speed FPGA-based data acquisition system achieved
sampling rates of up to B0 mega samples par second [6]. The
syatem is utilized for measuring high speed signal changes at the
input side of a specific system. Fhedkar ed al. discusses FPGA
design architecture programed by VHDL and using extra
methods for storing data in a way that no samples will go
missing.

C Method: for acquiring energy readings

1) Hall Effect senzor

Phyuicist Edwin H Hall discovered that current passing
through a perpandicular m e fiald will be moved with a
force proporticnal to the pr of the intensity of the magnetic
field and the velocity of the charge carrier [7]. A foree created
through electric and magnatic fislds cause charged particles such
as alectrons [§)

) Analog-to-Digital comerters

Analog-to-Dhgital comverters ( ADCx) translate analog valuas
to a digital format, enabling mformation to be processed by a
processor. One of the most common methods of ADC s Dalta-
sigma AT modulation [6]. An analog mgnal applied to the mput
of the converter needs to be relatively slow so the converter can
sampla it multiple times, a technique knovn as oversampling.
The sampling rate 18 hundreds of times faster than the digital
rasults at the output ports according to Texas Instruments
Incorporated [7). For the proposed solution, an ADS1115 (Fig.
2) was selected due to the high availability and already
preprogrammed ecamples in Python At 16-bit operation the
sampla rate increases up to 863 samples per second (8PS), but
whmfamﬁp%the 12-bit operation mode it can reach a maximum
o %

D Havdwere devices used for expariments
1) AvduRFl's
The ArduRF1's shown m Fig. 3 is based on the Arduine

framework. It is a PCB containing an ATMEGA323
microcontroller. Preprogrammed with the Arduine Uno boot

Fig 3 Wirsless modes ArcaRF1's [13]

loader the board can be programmed via 2 USB cable. Onboard
ix a FTDI chip that handles USE to serial communication,

) Logging Data

Loggmg data can be done utilizing different methods, This
article focuses on capturing data and saving it so that analysis
can be made with the documented data Notev is the
poasibulity of obtainmg 3 too low resclution whan saving data,
buffars of the processor being used may fill, resulting in
inconclusive logged data. A class 10 8D card can be written to
at 10 Mega Bytes per sacond [9].

3 mpRIC

The myRIO, Fig. 4, device produced by Natiomal
Instruments faatures multiple I'0’s and meludes analog output
and mput ping. The myRIO interfaces onbeard LEDs, a push
button, an onboard acceleromater, a Xilink FPGA and a dual-
core ARM Cortex-A9 processor.

Fig. 4 aryRIO desdce used for high speed data acquasition [10]

It meludes Wi-Fi support. The myRIO can be programed
with LabVIEW™ or C.
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4) Razpberry Pi 3 Modsl B

Fiz. 5 Raspberry Pi 3 model B [11]

The Faspherry Pi 3 modal B 1= aquipped with a 1. 2GHz 64bit
quad-core ARME CPU, 802.11n Wirelass LAN, Blustooth 4.1
othar than it predecessor, the Basphamy P1 2. Same az the P12
it also has 1GE EAM and a Micro 8D card holder [11]. The
Rasphberry Pi has a very big supporting community, allowing
easier product/project development and design.

. METHODOLOGY

First objective waz programmumg the myEI0 wsmge
LabVIEW. The aim of thiz program was to take curent reading
and wvoltage readmgs, After taking the readings the system
caleulated the power and then the totzl energy uwsed After
Imowing the precize energy usags, the sampla rate was sat lower
constantly until 2 benchmark result was captured.

Second objectiva was to do the zame with the Raspherry PL
Firstly, only using the zame method and circurtry used for the
mvRIO and then secondly, using an added current senzor. Both
systemz were mpgered uwsmg the chip salect pin from the
ArduRF1's. This triggerad the processors when the wireless
node was starfing transnussion.

A Basic Node Civcuit

Fig 6 Basic croat for meonitoring Energy usaze

The ArduFFl'z has an Atmegai2BP microcontrollar
prelcaded with an Asdune TUNO  bootloader enzhlng
programming via the Ardumo IDE and USH cable. Fig 6
prezents the basic schemate, desizned for monitoring energy
uszga. The B9 resistor 1= for measuring the curvent. Fig. 3 =2
flow chart of the nodes firmrware with the mam objective to
tranzmut a test packape at full power cnce every two seconds.
Before 2 transmission, the frigger pin is set high, lething the DAC)
system lmow when to start acquirmz amalog readmgs. The
trigger pm chanzes to a low level to mitiate a stop. The crenit 1=
desipned with an extra header pin commected to the 3V power
supply to monitor the voltage at any given moment, Fig. T a2
printed circuit with an onboard 5V/1 A power supply.

Lraden o

i
a -_'I:..' 2.8
i e "

Fiz 7 Power momitor cinouit fior the ArduRF1%s

Sl |

rannalme WPl W
Iminualisg 101 pins

St irigger pim high
Tianusmii package |

' !

Sl irigges i low |
‘ }
Ihilay 2 wevnmals
I
Fiz B Flow chart for the wireles: node
B, mpRIO serup
1) FPGA Program

Fig. 9 15 the LabVIEW code rummg on the FPGA The
zsampling rate iz saf manually and the DIO commected to the
circwnt (Fiz. &) mitiztes a start sampling sequence. The FPGA
ADC 1z mherently limitad to 2 sample rate of 1{uz/sampla.
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Fig. © Code nmnng an the FPGA of the nyRIO0
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In Fig. 10 the mvRIO 15 connected to the enargy monitor.

Implementing vanables of unsigned mtegers, :m:mpul:tzd
vaniables, granting less

equations utilizing  float
mampulation.

Fig. 10 myRI0 connected 1o the wineles: node

The value passed from the FPGA to the Real-Time Processor
(F.TF) iz presented by the following equation:

Forr= ) (Ao - AW@DAGD: ()
imd

Foe = FPGA output value
Ay = Analog pin being read
n = Number of samples during triggered interval

21 Real Timie Procassor

As stated by Equation | the RTP receives a value from the
FPGA. The value is modified by the RTP to produce proper
output readings:

E=Ft )
E = gnargy in Joulss ()
P = power in Watts (W)

t = time per each interval in seconds (£)

1 n
p= ;; VD) L&)
n = number of samples taken
V(i) = DA 4

D = constant step voltage 1.221mV
Ali) = Analog reading in digital format

™ H
&
|
W { P —
B L g Wy
- I’ -. 1 h Ihm-q. I|
| h 4 m- ! Wime |
_. |"' w— . P" L r— ’
§ N
}
e b e
= T i
Wi
Tk Wy
L =

Fig. 11 LabVIEW code runsing on the RTP
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_ DA(i)o — DAl

i) = (5
R = resistance of 10 ohm
n
1 DA(i)g — DAL
E= —E DA, (—m“ © 1) m (6
n R i
L= -.
5 \ L =,
_ D ) Fiz. 13 The ADS1113 breakout board comected to the Rasphary Bi and
E = — Four B et o

By implementing equations (2), (3), (4), (5) and (6) 2
final result 1s achieved represented by (7). Fiz. 11 shows the
mmplemertation of (7)) in LabVIEW.

The RTP takes a reading from the FPGA each 21

IV. RESULTS

A Energy Reading s wyRIO:

Table | Rendhs for reading enerzy with myRIO

seconds that grants a reading of a variable that does not Samplng  Tume | Samples taken: Joule  Readmgs
change during the duration of the reading cyele, The results {ps=) (ml)
are very small and for better accuracy an average was 160 R T RE
calculated on each transmussion of a test package. Different g
transmizsion tumes was tested obtainmg the results uzing this 200 66 1338
method, The ideal owteome was to compare the ameunt of i 57 15
energy used on a transmis=ion kept constant after makmg the + = -
sampling rate changes (405(4(3(2(5(3(2 1000 13 T.18
C. Raspberry Pi DAQ 1300 ] 718
1) Python setup: 3000 g T
4000 3 20
| v ] B300 1) T35
Q300 1 6.78
- Table | 12 logzed values where all the conditions were kept
oty the same for each readms. The ramplsr taken value 13 the
l mumber of samples taken during a3 transmussion. The

II-' [T T — (Y ——— T ll.,'

l -

."l Beriil Ao P lIlI

I

f e dais v ke

I

Fiz 12 Pythem code for DA on the Rasphery Bi

Fiz. 12 iz the program flow chart to program the Easpberry
Pi to mterface with the ADS11135. A few different tests were
done to experiment on the differance betwesn fast and slow
sampling. Fig. 13 indicates the interfice attached to the
Faspberry Pi, enabling the Raspberry Pi to be a DAQ devies.

transmussion time was +- 13ms allowmz 132 readimgs at a
sample rate of 100 pa
B. Energy Rsading = Raspberry Pi D4 0:

Table 2 1= a sample of data logzed during a transmizsion.
There were 5 samples taking during transmuzsion. The snergy
colwnn i Table 2 was caleolated wsmg the values m the

columns to the laft with a constant 10 Olum resistor,
Tahle 2 Diata logzed with the Rasphery P durng a ransmission

Currant Veltage Duration(ms): | Energy
Reading(mA): | Readmg(V): (ml):
16.01 5 36 0.431
127.24 5 545 3.429
7517 5 533 2.006
10.76 5 5318 0.288
Total: 6.221
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Table 3 recorded the ensrgy used for sach transmussion
mdividually usng the Baspberry P1 DAQ svstem.

Takle 3 Total enerzy of each consecutive transmession

Transmission Energy (mT):
numbar:

1 525

2 599

3 612

4 614

] 627

L] 622

7 22

g 6.16

C. Further Development

Fiz. 14 WEHN testbed to racord power consumption

Fiz. 14 shows a pucture of a developed testbed using the
tested resultz. Thiz way the WSN can do itz programmed
applicaton while the Faspberry Pi 15 recording current
measurements.

V. CONCLUSION

The readingz cbtamed by the myFI0 and the readings
obtained by the ADS1115 module differ with a constant value
The myRIO DAQ) system starts to stabilize once a sampling rate
of 300us was mplementad. This result was obtained zince the
variables of the FPGA used were unsigned mtegers of 16 bats.
The expected result was, that by an mmcrease i the sample rate
time using the myRID, the enerpy reading was to remain
constant. Looking at Table 1 this trend 15 vizsible between 300us
and 4000us zample rates.

Companing results between the Easpberry P1 DAQ) and the
myRIO, the Raspberry P1 DAQ measured ~1ml less in each
transmussion. This could be confributed to a small vanance not
detected i the tast bemgz done resulting m a 14% lower power
usage m the wireless node transmuzsion. The conclusion 15 that
using the ADS115 with a Rasphary Pi it 15 possibla to measure
up to 8 WEN davices allowing for the devalopment of a cheaper
tastbed. Providad that the voltage power source 15 kapt constant

5V and each analog pm 15 commected to the Current + haadar pin
and the Current — header pin equates to an absolute value of 0V,
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Appendix F RFM69HW Spec sheet

H]EHLQcEnEnBuE RFM69HW

RFME69HW ISM TRANSCEIVER MODULE V1.3

GENERAL DESCRIPTION

The RFMESHW is a transceivar module capable of
operation over a wide frequency range, including the
315433 B68 and 915MHz license-free ISM {Industry
Scientific and Medical) frequancy bands. All major RF
communication parameters are programmable and most of
them can be dynamically set. The RFMBIHW offers
the unigue advantage of programmable narmow-band and
wide- band communication modes. The RFME3HW is
optimized for low power consumption while offering high RF
output power and channelized operation. Compliance ETSI
and FCC regulations.

In order o better use RFMESHW modules, this specification
also involves a large number of the parameters and
fumcticns of its core chip RFESH's including those IC pins
which are not leaded out. All of these can help cuslomers
gain a better understanding of the performance aof
RFMBIHW modules, and enhance the application skills. APPLICATIONS

Automated Meter Reading
KEY PRODUCT FEATURES Wireless Sensor Networks

Home and Building Automation
Wireless Alarm and Security Systems
Industrial Monitoring and Control

Wireless M-BUS

20 dBm - 100 mW Pawer Output Capability
High Sensitivity: down to -120 dBm at 1.2 kbps

High Selectivity: 16-tap FIR Channel Filter
Bullet-proof front end: 1IP3 = -18 dBm, |IP2 = +35 dBm,80
dB Blocking Immunity, no lmage Frequency response

Low current: Bx = 16 mA, 100nA register retention
Prograrmmable Pout: -18 to +20 dBm in 1dB steps
Constant RF performance over voltage range of module
FSK Bit rates up to 300 kb's

Fully integrated synthesizer with a resolution of 61 Hz
FSK, GFSK, MSK, GMSK and 00K modulations
Built-in Bit Synchronizer performing Clock Recovery
Inceming Sync Word Recognition

115 dB+ Dynamic Range RSSI

Automatic RF Sense with ultra-fast AFC

Packet angine with CRC-18, AES-128, 65-byle FIFD
Built-in temparature sansor

Module Size:19.7X16mm

LK R K R I 2
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*
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