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Abstract

The Internet of Things (loT) is an umbrella term for smart things connected to the Internet.
Precision agriculture is a related concept where connectsmrsecan be used to facilitate, e.g.
more effective farming.

At the same time, Bluetooth has been making advancements into IoT with the release of
Bluetooth Low EnergyBLE) or Bluetooth smart as it is also known by.

This thesis describes tlidevelopment of &luetooth Low Energymoisture and temperature
sensor intended for use in an agricultuvakless sensor network systefie sensor was evaluated
based orits effectiveness imgricultural environments and condit®auch as weather, ebgion
and in different crop fields Bluetooth Low Energy was chosen as the technology for
communication by the supervising compadye to its inherent support for mobile phone
accessibility.

Field tests showed that the sensor nodes were largely affectgddnery positioned between
transmitter and receiver, meaning that these would preferably be placed above growing crops for
effective communication. With ideal placement of the sensor and receiving unit, the signal would
reach up to 100 m, meaning thataeiving unit would cover a circle area with radius 100 m.

Due to Bluetooth being largely integrated in mobile devices it would mean that sensor data could
easily be made accessible with a mobile app, rather than acquiring data from an online web server.

Keywords: WSN, Bluetooth low energy, Precision agriculture
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1 Introduction

The Internet of Things (IoT) has attracted a lot of attentioninrgcenar s. The amount
or devices made accessible through the interfinein smart houses to cloud based apgmtinues

to grow and it is unlikely that this will slow down anytime sdéh Wireless sensor networks
(WSN) is one example of smahings being connecte@hey are used for collecting, storing and
sharing sensed data. WSNs have been used for various applications including habitat monitoring,
agriculture, nuclear reactor control, security and tactical surveillance.

This thesis focusesn the application of WSN within the area of precision adtical Precision
agriculture is the use of several sensors in order to survey the condition of plants and crops.
Typically, sensors in precision agriculture measure soil moisture, soil temgersairnutrition

and other aspects that affect the viiding and health of plants, crops etc. By using sensors to
monitor the growth conditions farming can become more efficient and increase crop yields.

The workwas performed at Sensefaf2], a Swedishcompany based in Lund that develops
systems for agricultural environments. In these systeemsors are used to measemgironmental
factorssuch as temperature amisture. Theseneasurements are then made available online and
can be used to managetiopal planting, watering, harvesting and fertilizing as well as anticipating
risks for ruined cropsS e n s e fpm@ductsbase primarily for the agricultural crop management
sector but are also used by golf courses and Malmd Municipality.

Sens ef ar msdlgiondsbasedeon GSEQuipped sensors where each sensor has a GSM
modulethat communicates with a baand serverMonitoring a field thus requires several GSM
modulesSuch a system is both expensive and inefficient compared to using a sensdk.n&fittor

the use of a sensor network, the GSM module in mubiptsorsacross a field could be exchanged
with notably cheaper Rmodules. With these Rmodules, eackensomwould only need to send

its data to a nearby GSM equippexit i also a called gatvay- to forward data to the server.
Doing this would mean thainly one GSM module would be needed for each sensor network,
severely reducing the cost of placing multiple sensors in a large Sieftsefan already has an
existing solution of a WSN usingigBeetechnology However,they are still interested in seeing
what other radio protocols in the same field caddomplish

The theoretical background of shivork is presented i@hapter2 and related work ilChapter3.

Chapter4 describes the applied methdbnstruction of the prototype and tools usedGinapter
5. The resultsfrom field testing are peented inChapter6. Results are discussed Ghapter7.

Chapter8 provides a conclusion of this thesis.

1.1 Scope of the lhesis

In this project we only looked @LE broadcasting between a single transmitter and receiver.
Backend services wermt implemented

BLE - also known a8luetooth smar{see SectioR.7) - was thecompany gchnology of choice
for exploring a newsensor networlsolution The reasoning behind thigas that the company
wishedto investigatehow to makea sensor network more user friendly amhnectedo Internet

1
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of things. By usin@BLE in sensors, myone with a smartphone can directly access the data in a
sensor without connecting to the systemb6s backe

1.2 Research Questions

The purpose of this thesis is¢mpirically explore theangeof BLE in agricultural environments.
In order to understahthe limitationsand characteristicsf the prototype, the following research
guestions were identified.hese were answered through field testing laachture studies.

RQ1. How far away from aeceivercan a BLE sensor node realistically communicate?
RQ2. How is the sensor network affected by the environment in farm fields? For example:
types of crops, topography and weather.



2 Theoretical Background

This chapter presents background information regarding the theoretical aspects of sensors and
sensor networKT he purpose of this chapter is to provide the reader with enough insight to follow
the analytical discussions further on in this paper.

In Section2.1we will explain some basics in radio communicationthose completely unknown
tothe subjectirea In Section2.2we explain the conversion from watt to deciaedl why it is more
convenient to present RSSI in form of decibel rather than ima®tection2.3we explain the term

RSSI (Received Signal Strength). As all owsults are based upon measured R&a$ilesit is

crucial for the reader to understatiils property In Section2.4 we explain antenna gaitmow
different antenndields can give a better signal in certain directions while decreasing it in other. In
Section 2.5 we explailine of sight transmission, or free space lasst is also calledrhis is the

most basic ofadio transmission where interferen&@sn surroumnling physical material is ignored.

In Section 2.6 we explain link budgets, which are used for listing all possible gains and losses in a
transmission. Lastly in Section 2.7 we provide generic background information about the Bluetooth
protocol.

2.1 Radiocommunication basics

Radio waves are a type of electromagnetic radiatmed for fixed and mobile radio
communication, communications satellites, computer networks, navigation systems and numerous
other applicationd16] [1]. Radio wavesypically operate atfrequencies between 3kHz and
300GHzand wavelengths of 1mm to 100kFigure 1 shows the electromagnetic spectrum and
where radio waves fit ifAs disphyed in the figure, the frequency spectrum is divided into separate
groups to be more easily distinguishable, ex: LF (Low frequeatc3®300kHz or UHF (Ultrahigh
frequency) at 300MH3GHz.

As with all electromagnetic radiation, radio waves travel atsgheed of light, giving us the
following relation between wavelengths and frequencies:

o= c/f

& = Wavelength ,o pctimss, fSheguency () | i ght a
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Figure 1: The ¢ectromagnetic spectrunspecifically shows the fragncies used for radio protoco[§]

Most technologies from the IEEE 802.11 and IEEE 808tdbdard®peratealong the UHF to
EHF band300MHz300GHZz)[17] [18]. Examples ofechnologies from these auetooth,
Zigbee, Zwave and WiFi.

As with all electromagnetic radiationsuch as light radio waves are subject to theenomena
of reflection refraction diffraction, absaption, polarization andscattering This means that just
like light, radio waves are lgely affected by their surroundingbhe effect of these vary greatly
depending on the substance and material and although there are

2.2 Decibels and signal strength

An important parameter in any transmission system is the signal strength. As a signaltpsopaga
along a transmission medium, there will be a loss, or attenuation, of signal strength [1].

It is helpful to expresthesegains, losses and relative levels in decibels because:

9 It can express botlarge and small values in a short form.
1 The net gain oloss in a cascaded transmission path can be calculated with simple addition
and subtraction of decibel values.

Decibel is a measure of the ratio between two signal levels. The decibel power gain between a
transmitter and receiver is given by:

C-1| c
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Where

O gain, in decibels

0  input power level

0 output power level

a € "Q logarithm to the base of 10

Decibel is a useful metric for presenting differences between two values. However, it can also be
used toexpress and compare extremely large or low scale values in a much manageable form. An
example of this is the use of dBm (decib@lliWatt), which is useful for management of small

power sources such as signal strengths in IEEE 802.11 devices. The flamdBan is:

o, 0¢00Qi
LeELQI pTE Q@—F/—"
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2.3 RSSiHReceived signal strength

RSSI stands foReceived Signal Strengtmdicator RSSI describes the relationship between
transmitted power and received power of wireless signals and the diataoog nodes in a WSN.

When adevicereceives a signal, ineasures and storis strengthin dBm, a logarithmic unit for

effect (see ®ction2.2). RSSI values camange anywhere frofddBm to-127dBm depending on

the implementation of the chip manufactu@enerally, &RSSI value such a800dBm would be

gualified as a poor signal while a RSSI value®dBm could be considered strong. Acceptable

levels may diffed ependi ng on t he r ecY¥(SeeSettigr6devi ceds sens

RSSllevels aranostly defined by each chip manufactyrar specifically how well thehips are
calibrated Well calibrated unitsvill have low sender and receiver lossesspecified a® andd

in a link budget (see Sectidnh6) i resulting inan overall stronger received sign&lnother
parameter defined by the chip manufacturers is the receiver sensititwhich specifies how
weak of a signal it is able to receive. Variances in receiver sensitwitid mean that one
manufacturethasa minimum receivable signal strength-2a00dBmwhile another manufacturer
couldhave a minimum receivable signal strengthl®7dBm. [6] [19] [20]

2.4 Antenna gain

Antenna gain is a measunentof the directionality of an antennki is defined as the poweutput

in a particular direction, copared to thaproduced by a perfect omnidirectional antenna (isotropic
antenna)1]. As such, atenna gain is measured decibels, specificallgBi (decibelisotropic),

with 0dBi beingidentical directivity to that o perfect omnidirectional antenrfeor example: If

an antenna has a gain of 3dBi in a specified direction, the sigriahanvié twice the expected
performance in that direction than compared to when using a perfect omnidirectional ft2gnna
What is immrtant to note though is that the increased power radiated in one direction comes at the
expense of other directiorBy increasing the power in one direction, power in other dmas will
diminish as a result.

Example: Figure 2 shows two different radiation patterns. The left pattern is a perfect
omnidirectional antenna spreading the signal equally in each direction and has an antenna gain of
5



0dBi in every directionTheright pattern meanwhileas more of a doughnut shape, spreatlieg
signalfurther horizontally(+3dBi gain)than the previous antenna but not as much verti¢3ltBi
gain). Note that theoverage area remains the same between both two radiopaten though
they provide different gain levels in the vertical and horizontal pleoleme of the clay remains
the same) Error! Reference source not found. shows how dBi varies in a steard
omnidirectional radiation pattern.

In this thesis we assumed our device to have a nearly omnidirectional antenna spread pattern (see

Section6.l), meaning thiantenna gain could be omitted from our simulations presented in Section
6.2 As suchdirectional radiation patterns witlot be covered in this thesis.

T S
2nr

- . ) 270
Horizontal Vertical Horizontal

Hypothetical isotropic antenna (0dBi gain) Omnidirectional antenna (3dBi gain)

Figure 2: Differencein between a hypothetical isotropic antenna and a more realistic omnidirectional anfe8ha.

2.5 Free space loss

For any type owireless communication, the signal disperses with distance. Even if no other sources

of attenuation or impairment are assumed, a transmitted signal attenuates over distance because the
signal is being spread over a larger and larger [dlg21]. This fom of attenuation iknown as

free space loss and can be expressed in the following farmula

1
1
.| €7

Where



Signal power at the transmitting anter{id)

Signal power at the receiving anter(id)

O Antenna gain from the transmitting antenna towards the receiver
‘O Antenna gain from the receiving antenna towards the transmitter
"Q Signal frequency

'Q Distance between the receiving and transmitting antenna

& Speed of light¢ p ma 7i)

:CaCa

Notethat the values di and0 areexpresseéh watt and not decibeRlso the value$O and"O
areexpressedh decimal form rather than dBi. Meaning for example: a gain of +3dBi would in
this case be interpreted as a factor 2.

If we were to assumihat both the transmitting and receiving antenna have an ideal isotropic
antennawith equal spread in all directiofthe gain values can be omitted from the equatiam;€s

the gain value in an ideal isotropic anteahsays equals 0dBi which translatesa factor 1)The
resultcanfurtherbe converted to logarithmic scale using the equations provided in s2@ion

When translatinghe formulato dB, we get the following equation:

5 .Q ” 5 N 4 “Q
U O U prTOxe T 00

Where0 andd are expressed in either dBW or dBm.

2.6 Link budget

We have now coved somephenomena that effect a radio transmission, namely: disturbances in
the environment, antenna directivity and free space Tasgether with sender losses and receiver
lossesthis forms what is called link budge{14] [15].

A link budget is anecounting of all the gains and losses in a transmission sy$tamis useful
for determininghe signal strength arriving ateceiver.Figure3 gives a visual ngresentation of
what gains and losses are covered in a link budget.



Pyx = Received power (d Bm)
Prx=Prx+ Grx — Lty —Lgs — Ly + Grx — Lgx Pry = Sender output power (dBm)
Gyy = Sender antenna gain (dBi)
Lyy = Sender losses (connectors etc. ) (dB)
Lgs = Free space loss (dB)
Ly = Misc. losses (multipathetc.)(dB)
Gpy = Receiver antenna gain (dBi)

A i G Lyx i Lgy = Receiver losses (connectors etc. ) (dB)
(dB [dB] a AR Sgpy = Receiver sensitivity (d Bm)
C e
(@8 m] ! }
I \
1 \
|
0dB i | a1 _ Transmission
1 Path
1 ! Prx
\ I' [dBm]
\ ;
\ / G Lo Gain
A S o [dBi) (48]
- ~ 7 d Loss
-dB = =

Figure 3: Example of a link budgefl 4]

Certainvariablesshown inFigure3, such aso , "0 and"O have already been covered in previous
sections. However, some other variables are a bit new, such &s; 0 and to a certain degree
0 (free spae loss formula)The free space loss formulgnoresany possible losses present in
the receiver({ ), transmitter § ) or losses due to the environment, i.e misc. losse$. Thus f

we were totake the formula presentedhigure3 and remove these threesseswe would be left
with the free space formula:

Where

0 Q6 prmsﬁrw2

See Sectio.5for reference.

The"Y value presented at the endHigure3 is the receiver sensitivity, which represents the limit
of how low a signal the receiving unit catentify. With our receiving unii the Nexus 5phone-
the sensitivity rate wasoacluded to bel03dBm(see Sectiob.?2).

2.7 Bluetooth

Bluetooth is a wireless communication standardconnectingdevicesover ashortdistanceThe
most prominent featuresf Bluetoothareits low cost and global usage; being used in multiple
everyday appliances such as smartphones, wireless audio damite®Cs Bluetooth mostly
operates itheunlicensed ISM bandr{dustry Scientific Medical bandjt 2.4GHzBluetooth itself
operates betweendGHz and 2. 485 GHz. Thi s(Fregaenay Hopping o
Spread Spectrum) meaning that Bluetooth switches between certain number of

Bl
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channeldfequencies in ordeio reduce the risk of collision with other interfering signals on the
ISM bard such aZigBee, Wifi- or other Bluetooth devicdg2] [24].

Since the required maximum operational range of a Bluetooth device may vary depending on the
field of use;devicesin theBluetooth protocolredivided intodifferent classesto more easily
identify which module is needed for the specified application. As showigime4; Class 1 has

the highest permitted power and thus the longest typical range nia&pignal for industrial use
casesand devices where power is plentiful such as laptop or desktop sy§Stkss 2 has lwer
permitted max power and range makihguitable formore commordevices such as mobile
phones. Class 3 has the lowest permifteder and rangenaking it ideal for devices with a
restricted amount of power and low intended range qffusexample wireless headsd®?] [25]

e Max. permitted power Typ. range
(M) | (dBm) (m

1 100 20 ~100

2 25 | 4 | ~10

3 1 - 0 ~1

Figure 4: Bluetooth classes. Sourd@2] (Slightly edited)

Bluetooth devicegan be divided into two roles; central and periphekgberipheralusuallyhas

data that is needed by other deviedsle a central typically uses the informatioeceived frona
peripheral to accomplish some task. For example, a digital thermostat edjuijith Bluetooth
technology might provide the temperature of a room to an app that then displays the temperature in
a usetfriendly way.

Peripheralsnaketheir presence known by advertisthgpadcasting their informatio€entrals, on

the other handare abldo scan for peripheral advertisementhh at mi ght have dat a
in. When a central discovers a peripheral, the central can request to connect déti¢ckand
gainaccesstb he p er i p@neercanhedtad, thikpearigherahd central deviciend to be
referred to as slave and master respectivEhe master devicds always the one to initiate
communication with the slave device and can be seen as the controller or base station in the
network.

In certain cases, the periphkdevice may not be designed for pdioipoint communicationbut

rather to onlyperiodicallysend advertisements. Such a device can be calbedaalcasting unit
Likewise, a central device might not be designed for connecting and extracting dataripiranal

devices, but rather only for scanning peripheral advertisements. Such a device can be called an
observer unit.[22] [26]

2.7.1Bluetooth Classic and Bluetooth Low energy

The two most commonly used Bluetooth versions to date are Bluetooth BR/EDR (basic
rate/enhanced data ratedlso known as Bluetooth classi¢Bluetooth v.2.0+) and Bluetooth low
energy (Bluetooth v.4.0+)Both Bluetooth versions operate on the same frequency band of

9
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2.400GHZi 2.485GHz and use the same protocol stack but still vaatlyg in their field of use.
Bluetooth classic is usually incorporated in devices that require heavy data transfer such as audio
devices and PC connected appliances, while Bluetooth low energy is used in devices that prioritise
low current consumptiosuch asbattery driverdevices Bluetooth low energy also boasts a wider
transfer range than Bluetooth classic, making it more suitable fordistance sensor networks.

[22] [23] [24]

Bluetooth classic is isochronous, meaning tratsmissions need to Isehedulediccording to a
specific clockrateandconnections between devicesed to be&onstantly upheld so that data can
betransferred at the time of noticBonnected devices will always haaédink maintained, even if
there is no data flowingThis alows data to constantly be transferred with the tr@ftideing
constant energy consumptioNthough Bluetooth classic does hagesleep modé is still much
less efficientenergywise compared to things like 802.11n (e.g.-®Wior Wi-Fi direct) and
consumes tmuchpower for coin cet andiow-energyapplications It is instead moreusted for
applications such as: audio streamiR@, peripherals and short range data trangt2g.

Bluetooth low energy on the other handaisynchronous, meanirtgat peripheral devices can
advertise their data whenever necessary. The central device will listen often émbeghble to

pick it up. This way, if both devices have a pgreed schedule, the combined usage camimienal

(It costs some energy to maiimaa clock. BLE also boasts a much shorter transmission start,

mi ni mum transmission time being 3ms compared
comes at the cost of a slower transmission rate, with BLE at a theoretical max at 1Mbit/s while
Bluetooh classic reaches up to 3MbitBecause of this, Bluetooth low energy is not suitable for
streaming large amounts of data, but rather for periodically transnsttintf amounts of dat§26]

[27]
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3 Related work: Examples of Sensor Networks

This chaptermpresents papers relevant and interesting to our field of work. The papers will firstly be
summarized and then commented on their use in this thesis work.

3.1 Akylidiz et al.- Signal propagation techniques for wireless
underground communication networks

In this paper Akylidiz et al. presentbe signal propagation characteristics that can be found in
Wireless Underground Communication Networks (WUCNS), wireless devices that operate below
the ground surfacpt]. In the case of this paper, underground networks are defined as either (i)
completely buried under soil, or (ii) placed in a bounded open space underground, such as
underground mines or road/subway tunnels. Signal propagation characteristics of elewtizmag
(EM) waves and magnetic induction (MI) are analysed for the first area (i). In the second area, a
channel model, i.e., the multimode model, is provided to characterize the wireless channel for
WUCNSs in underground mines and road/subway tunnels.

A channel model is described for electromagnetic (EM) waves in the soil medium. The model
characterizes not only the propagation of EM waves, but also other effects such as multipath, soil
composition, water content, and burial depth.

It is concluded that anycrease in water content significantly hampers communication quality of

EM waves in soil. Moreover, the underground communication is also affected by the changes in
soil composition (amount of rocks, plants etc.) according to depth. As a result, difeanges of
communication distance can be attained at different depths. It is shown that attenuation increases
with operating frequency, which motivatdewer frequency values considering the high
attenuation. This results in a tradff between the frequey and the antenna siz&n analysis

reveals that the optimal frequency to reach the maximum communication range varies by depth,
meaning that using a fixed operating frequency for WUCNSs is not the best option. From long term
measurements, it is shown tisasonal changes result in a variation of volumetric water content,
which significantly affects the communication performance.

Comments: For this thesis we are only interested in EM waves in the first ar@ai§)paper gave

us useful insight in howemsors buried underground would propagate. Since we present some
underground measements of our own in Secti@®, it was important for us to understand what
effects are to be considered for electromagnetic waves in WUCN. This paper has shown us that
water density greatly affects underground propagation, something that is often present during
seasonal changes. Reflections from the ground surface is also presetttedpaper and is
something that should be taken into account for future work if the sensors would ever mean to be
used together in a wireless sensor network.
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3.2 Raida Al Alaw+ RSSI Based Location Estimation in Wireless
Sensors Networks

In this paperauhor RaidaAl Alawi presents an algorithm for deciding positioning of RF devices
based solelyon RSSI measurementfS]. Experiments were carried out in three different
environments, outdoor in open space, indoors with open space and indoors with blockage i
between transmitting and receiving anterffidis transformation anthe free space loss equation
wereused to create an expected free space loss model of the device without interference. The model
was then plotted in logarithmic scale and compared widasurements taken to decide the
difference in linear decreasBased on these models an estimation of the distance between an
unknown node and an anchor was derived.

Experimental results showed better distance estimation in an outdoesgeEnenvironnme than

in an indoor environment. However, all the devised models provided rough distance estimation
with an average of 21.7 % mean absolute percentage error (MAPE). It was concluded that using
RSSI alone as a base for distance estimatiouid lead to poolocation in an indoor environment.

Thus, a node positioning algorithm based on trilateration was used to localize unknown nodes
within a 254 area using four reference anchors. Results shokaddespite the large error in
distance measurements dud®SI variability,it was possibléo achieve position estimation with

a minimum distance error of ondyfewdecimetresind an average ch 2.4m.

Comments: Although a different radio module and RF technology wsedfor measurements,

much of the methodologgould beappliedto our own thesis worlas well For examplehow he
characterizes the RSSI to distance drop off in logarithmic scate simplify comparison with
measurements in different environmemitsom hismeasurements Raida notes that measured RSSI
values fluctuate more depending on the range and mount of interference in the environment,
something which was also apparent when we performed our measurenféhisaper served us

as agenerabuidelineand réerence poinbn how to interpreand compare the drop of rate of RSSI
values in different environments.

3.3 Overview and Evaluation of Bluetooth Low Energy: An
Emerging LowPower Wireless Technology

This paper describes the main featwkBLE, explores itpotential applications, and investigates
the impact of various critical parameters on its performf3jcén addition, the paper also provides
a list comparing BLE to thdollowing protocols: ZigBee, 6LOWPAN, ZWave and classic
Bluetooth

Themainfocus f t his paper | ies in its exhicheerphinsve r es ec
the ins and outs of the Bluetooth version. It is shown how effects such as energy consumption,

latency, piconet size and throughput can be affected byfitiag parameres i n Bl uet oot hdés
layer such as conninterval and connSlavelLataritgh affect how communication between master

and slave is handled.

Comments: The primary focus of this paper is how changing parameters such as conninterval and
connSlaveLatency affedhe lifetime throughput, latency and piconet size of a BLE network.
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However, since the developed prototype only acts as an adveitisdiroadcasting devidethere

is never any need fdwo-way communication, thus we have no use for the resultseftiined
conninterval and connSlavelnterval values. However, this paper does provide us with a
comparative study of BLE and a few other protocols, most notably Bluetooth claalso.brings

to light the interoperability of existing Bluetooth devicesl &8luetooth integrated machines such

as mobile phones, and the possibilities it brings for integrating BLE into 10T (Internet of Things).

3.4 A Review of Wireless Sensor Technologies and Applications
in Agriculture and Food Industry: State of the Art and Gamt
Trends

This paper presentbe technical and scientific state of wireless sensor technologies and standards

for wireless communications in the Agfbod sectod ur i ng it s8 pg28]bSevermlhi ng i
fields of interest are covered suchewironmental monitoring, precision agriculture, cold chain

control or traceabilityThe paper focuses on WSN (Wireless Sensor Networks) and RFID (Radio
Frequency ldentification), presenting the different systems available, recent developments and
examplesof applications, including ZigBee based WSN and passive,-gassive and active

RFID. Future trends of wireless communications in agriculture and food industry are also
discussed.

We are presented with some physical aspects of implementing WSN in agriculture and food
industry. Results from several works within the field of agriculture WSN are presented.
Climate influence such as raimimidity and temperature weexplainedto hawe both positive
and negativeffects omagriculturalWSN communication and batteryarious temperatures could
either prolong or shorten a devicebs |ifeti me
showed conflicting reports on the performance @NV Some reports showed a minor increase in
successful transfers during rain compared to during dryer days, while other authors, calculated the
attenuation of 2.4 GHz signals due to rain as 0.02 dB/km for a rain rate of 150 mm/hr.
Crop canopy influencds the density of the leaves in the crop increasing with time. Signal
propagation above the crop canopy would see a resulting attenuation and variance in the received
signal strengthluring the seasons, due to the increased density of l€aeesral stui@és provide
with different suggestions on optimal height placement for antennas in various crops. Expected
attenuation and losses when placed in corn rows crop canopies were also presented.

Several other relevant areas of interest were also covered sueteaision Irrigation, Climate
Monitoring and Geehouses.

Comments: This paperdiscusses various natural elements that could affect the performance in
agriculture WSN. Several of our measurements in farm field environments and rain see the effects
described in this paper. Signal strength is greatly dampened by the density of leaves between the
transmitter and receiver but can be minimized by raising the sensor to a certain degree. Performance
during rain remained largely unaffected compared to dngitions

13



4 Method

This chapter describes the methodology usetksign, construct and evaluate the final prototype

Figure5 shows the general work flow throughdbe project.

Y

Prototyping/Sensor

Field experiments

¥

Evaluation

Figure 5: An overview of the applied method of investigation

A simple sensor prototype was created for the intents of answering the research questions

presented in Sectidh2 The sensor was tested through a series of field experiments which
allowed the prototype to be evaluated according to the research questions.

4.1 Prototyping

Theprototyp® s s ovias im@emented in an iterative fashiétirstly, functionality of the BLE
data td lee semtavia breadcases.b |

chipbs peripheral

broadcast

Functionality was tested trough serial communication and with a BLE scanner.

Development for the 12C interface was done in more of edtégtn development fashioBefore
implementing 12C functionality and adding on the temperature/humidity sensor, an error handler
was put in placeo interpret preset error codes and messagesnftbe 12C. Software for the 12C

interface was then developed accordingly in order to pass through the error Haagller.

The prototype wasinally testedin- and outdoors in much the same way the field experiments
would be performedAdvertisements fromhie prototype were read out and analysed using a BLE
scannernd the received temperature and humidity levels were verifiedrbgaring with reliable

sources.

Before moving on to testing and field experimertsreceivingunit needed to be decided. As
exphined in Sectiorl.l, the company wished to see how BLE could be used to make sensor
networks more user friendly and connected to internet of thiBgsing as smygrhones are
nowadays everyday devices, and most mevgions ardeing equipped with BLEwve decided to

use a smartphone device as the receivingduming field experiments (presentedGhapters).

4.2  Field Experiments

Thefinishedprototype wenthrough field testingonsistingof measuring RSSlalues at different
distances using BLE scannerThe sensor waglaced in various test environments, for example:
anopen football field andimong crops of varying height and densitgstswerealsorun onthe
prototype in different conditions, e.g. rain, sunstasewell as at different elevations aboaad

undergroundSeechapter6 for a description of the field tests and the outcome.

The primary points of imrest duringexperimentation were:
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Omnidirectional spread

Performance in an open environment (Free space loss)
Performance difference during rain and clear weather
Performance when buried underground

Performance in farm field environments

Performance at variouwights

=A =4 =4 -8 -4 -9

4.3 Evaluation

The results from our field experiments were compared with free space loss simulations of our circuit

in order to give out measurements some form or credibility. Drawing inspiratioifrarn da 6 s paper
on RSSI based location estimati@ection3.2), we decided to mark down hypothetical lofsem

the environment by comparing our measurements in free space environment with measurements in

farm field and underground @inonments.
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5 Prototypeand tools used

This chapter describe the prototypedeveloped as part of this thesis wonpecifically is
constructiorandfunctionality. The prototype only covers the functionality of a transmitting sensor.
A smartphone with 8LE scanner app was usead a receiver during field experimenkmth of
these will also be shortly covered in thisapter The actual prototype is shownkigure6.

Figure 6: The sensor prototype

5.1 Prototype design

The prototype is designed to work as a standalone BLE broadcasting device. The prototype
periodically broadcastdata of temperature and humidityer BLE. In the BLE protocol stk

these broadcasts are called advertisements, and are essentialtylesether BLE devices know

of its existence. An advertisement contamsioustypes of data, e.g. CRC (Control Checksum),
RSSI (see sectiof.3) or AdvData (advertisement datdligure 7 gives an overview ofvhich
packets are included in an advertisement.
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Preamble | Access Address Packet Payload CRC
1 Byte 4 Bytes 2-39 Bytes 3 Bytes
Header Payload
2 Byte < 37 Bytes
AdvA AdvData
6 Bytes 0-31 Bytes
Broadcast Address Broadcast Data
6 Bytes 0-31 Bytes

Figure 7: Structure of a BE advertisemen1]

In the case of our BLE device, our AdvData tsotte following dataDevice namgdevice data,
transmit power, mnufacturer specific IDThere are also a couple of length indicators and flags
used by the BLE protocol stack to separate the previously mentioned data types however they will
not be accoued forin the following explanatiof31].

Transmit poweris just thatp (see Sectio®.5). It is stored as a single byte integer, meaning that
it can takehe form of values between +1d8m and-127dBm. Although, since ours is a Bluetooth
class 2 module, transmit power is limited to lie in betwedBm and +4dBm. For testing, we
chose to use the maximum possible transmit power4@Bm.

Manufacturer specific ID is a2-byte unique identifier for what company licenced the particular
BLE chip.

Device name& device dataare strings of editable dathat share the same amount of useable

bytes Device hame is used to make the device more easily distinguddtal other BLE devices,

e. g. AHumi dityo, or ATempo. Device data is used
exammBBeoori " 710 (exampl es of DOedcompameanddavicedatar h u mi
share the same 15 bytes for both @ithmessages, meaning that data transfer over broadcasts is

severely limited32]. For the sake of simplicity we gave the prototype the
Devicedatavas structured i nt)o, fftpeenrpieadad uaned vtaH eure 0 h uC
water). Exampl e: A33. 710 C°anda hudmidlity matuaai71%. t emper at

A BLE device in advertising mode has assignableadvertisementnterval of 20ms to 10.24
secondsAdvertisement interval indicates how often advertisements arelsgniactical systems

the advertisement interval value may be increased as to lower the power consumption during use,
with the tradeoff being system throughpun our setup, wesed an advertisement intervaf 1s.

This was as to more easily gauge at tidistance the signal was receivaljg2]

Due to advertisements in sense being broadcasted messages, they do not require any connections

to be seup. All that is needed is for a BLE receiver to detect the advertisement and the values will
also be available.
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A third party BLE scanner applicatiovas used during field testing to simulate a gateway/receiver,
seFigure8. The BLE scanner app was run on a Nexus 5 smartdBbfi#]. When scanning, the

BLE app woudl give us a list of BLE devices within range. At times, when measuring signals at
long range, it would be necessary to keep scanning for longer periods of time due to the signal drop
off rate.

The BLE chip used was &FD223011t has inbuilt support foiie Arduino library, a easy to use
coding environment for programming embedded systems. Due to the simplicity of the Arduino
IDE, it was relatively simple to program the chip for our intents and purposes.

The RFD22301 was part of a development kit fi@Fduino, which provided readymade shields
that could be used together with the RFD22301. The shields provided simple buttons, LEDs and
mountable batteries. During testing we only used thebagery shield.

The board where the RFD22301 was connectecoromided an orchip antenna with these
approximate measurements: 85/80/250mime chip wasconnected to demperature/humidity

sensor; SHT21. The sensor transfers measurement data of moisture and temperature levels to the
BLE chip through the use of I12C asahin in Figure8. Thechip acts as master and the sensor as
slave during 12C communication.

/ Sensor node \

Temperature & Moisture

SHT21 RFD22301

o /

Figure 8: Overview of the prototype/sensor node

BLE scanner app

5.2 Receiving unit

We decided to use a smartphone as the receiving unit for field experiments and me&kering.
Nexus 5 was the smartphone of choice since it was able to run the latest Android operating system
at the time, Android 5.1.For the BLE scannempplication we chose to use an application on the
public market.

We were unable to find any offici@l o c ument at i on (o,f(recéierelossisfx us 50 s
(antenna gain)r Y (receiver sensitivity) values. Thiisese values had to be decideddubsen
assumptions aniield experiments.

- Based on our results in Sectiéri we decidedO T1Q 6."Q
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- In Section6.3.1we decidech commoroffset value for both the transmitter and receiver
lossesb "O'O"YOUY © pO6a

- Since the minimum RSSI value during field experiments wast@6 @&ve concluded
this to be the limitingY value of the Nexus 5.

5.3 Developmenttools

We usedhe following toolsfor the development and research of this thesis

BLE Scanner appi Android app that scans for BLE devic&tade byBluepixel Technology LPP
Used to test fuctionality of peripheral/sensor nodes in the netwpfk.

Nexus 5i Smartphone used together with the fore mentioned BLE scanner app to monitor signal
accessibility of the prototyp§9]

SHT217 Temperature and humidity sensor developed by Sensirion. tosgather temperature
and humidity data for the main controller cHi®}

RFduino DIP/RFD2230171 A shrunken down Arduino microprocessor, equipped with BLE
technology, produced by RFduino. Used to broadcast data received from a connected SHT21
module. Actsas a peripheral/sensor node in the netwidrk]

RFduino, rapid development kitsi A collection of shields used together with the RFduino DIP.
Battery shield was the one primarily used during measurenjghis.

Arduino Software 1.6.17 Easy to uséDE for programming Arduino microprocessors. Used to
program the RFduinmicrocontroller [10]
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6 Resultand analysif field experiments

In this Chapter we will presenthe various fieldexperimentanadein order to obtairunderlying
data for discussions ®#Q1 andRQ2 Theexperimentconsisted of measuring RSSI values and
drop off rates invariousenvironmentsnd conditionsThe tests mainly covered variations in signal
strength over distance, direction and placements of sensor for the different environments.

In order to answelRQ1 we neeéd to find out how the device would perform in an ideal
environment without any kind of interference from surrounding objects, i.e. a free space loss
environment (see Secti@b). We did thisby measuringhe RSSI drop off rate of theevicein an

open fieldwhile raised up 2m above ground so thataheironmentould havdittle to no impact

on the transmission (presented in Secidhl). However, in order to verify that our measurements

were actually taken in a fregpacedoss enironment we decided to compare our results witee

spaceloss simulation (simulation presented in Sectidh2. Thus we decided the p
antenna spreagattern by measuring the RSSI values (see Se2t®)rof the device at different

angles (presented in Sectiéri).

In order to answeRQ2 we measuredhe RSSI drop off rate dhe device in a few different
environments during vans conditionsThe device was measured in a 2m tall canola field and a
2dm tall wheat field, once during clear weather (presented in Sétdpand once during ia
(presented in Sectioh5). The device was also measured while buried underground (presented in
Section6.6) as it was another area of potential interest for Sensefarm.

All graphs presented in thehapterwere made using Excel 20180]. Measurement values to all
these grphs can be found in appdir A.

6.1 Omnidirectional Spread

In this experiment we measured the RSSI levels at different angles from the ineotsar to
assess whether antenna spread from the sensor was omnidiredtiisalias a necessary step
before our free space loss simulatiamgrder to determinthe value ofO (transmitter gain)For

this experiment the sensor was positioned approximately 1 m gbmy®l in the middle of 400m
longfootball field, shown inFigure9. This way we hoped to eliminate any effects the environment
could have on our measurementgving us similar values all aroundResults from these
measurements are showrHigure10.
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Figure 9: Football field, used for measuring omnidirectional and open field signal strength.

Omnidirectional spread

—=@=0 m
270° 90° =@=10m

e=@=15m

180°

Figure 10. Measurements on the sensamanidirectional signal strength

From this graph we cagee that the signal strength remains mastlyffectedat shorter distances,

but slightly variesat distances of 15 miVe see some dips in measured RSSI along certain angles
but the signal seems toostly remain within the range ofw 2 6 dat 15m distanceThus we
decided to assume that the prototype hadeasonablyomnidirectional spread, meaning a
transmitting antenna gain ok 6."Q

The Nexus 5 mobile phone used for subsequent measurements tal/e any official reports on

its radio specifications and as such, mosi t 6 s parameters had to be d
estimates.Throughoutall measurementgshe phone was held with the same angle towards the
prototype/transmitting device as to avoid any effects the unknown antenna spread might have.

Thus since the angle of the receiving device towards the transmitter was always theeszame

assume the retving antenna to have a gain level®f TQ 6.Q
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6.2 Simulation with free space loss

In thischaptewe present our free space loss simulations of communication between the prototype
and scanning device (Nexus 5). The simulations will provide an exmecwitihow the device
ought to perform in an open space environment. Sinisilation will be compared inegtion6.3

to actual measurements in said open space@magnts.

Since the only varying component in a free space loss environment is the distance between sender
and receiver, the formula can bewstten as:

v P
v 5y
Where
Q 000 0

Thus bycalculatingQ the free space loss equation cempdy be plotted along a varying distance,
'Q The necessary variables for calculaf@gill now be presented.

The RFD22301 module is of a Bluetooth class 2 type, meaning that it has a maximum radio
output power off Q8 & TQ S aConverting thisd watt we ged @  * ¢®d& ©. See
Section2.2for theory

wis the speed of light, which is defineddas ¢ T 1.

In Section6.1, we had already concluded thetenna spread of both ttransmittingand receiving
unitto be omnidirectionalO O  TQ 6. Qonverting this to a decirheelation we getiQ 6 "Q
pP3T T

Due to FHSSFrequency Hopping Spread SpectruBi)etooth operates in a frequency range of
& mM@0d ¢& YOOdsee SectiorR.7 for theory) however since the difference of 85MHz is so
small we decided to us@ ¢&"O"Odor our simulations.

With all the variables decided we can go ahead and solve the cofistant

Q §'00—2 dPT PP opn
o © VT X8 p

XD
With "Qdecided the free space loss formula can be expressed as:

5 P

VL CADT :}5

Or in the case that the result needs to be in proper deuih@latt form, the equation can be
expressed as:
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By plotting this fornula as a function of distan&ealong a logarithmic scaleve get the graph
presented ifrigurell.

Free space formulalogarithmic scale

-30.0
3501 10 100
-40.0
-45.0
-50.0
-55.0
-60.0
-65.0
-70.0
-75.0
-80.0

Pr (dBm)

Distance (m)

Figure 11: Free space loss simulatioritv’Q ¢& O 1 , logarithmic xaxis.

Figurel1l, shows a linear relationship whabedeteriorates with ¢ ® 6 &or & ¢ ™, whee d is
the distance (m)r'he logarithmic scale graph Figurell can be expressed as a linear one:

Where
©w o@éa
() c o &
o 11T
While & decides the initial height,cX will always retain the same angle in a free space
environment. This is due tile fact thatistance is the onlgynamic variablelf, however the
transmitter or receiver was being moved into an area of increasing environmental interferences we

would seethe received signal strength drop more drastically than compared to a free space loss
environment.

6.3 Measurements in open field/free space losseironments

In this chapterwe present our RSSI measurements from open field environment experintents.
experiments were performed in a field ayfproximately 2dm tall wheat (sed-igure 12). The
purpose of these experiments are to understand the maximum rangelfcammunication is
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realistically possibleas well as to verify that the drayf rate of the signal follows that of our
simulations from Sectiof.2

Figure 12 Environment used for long déstce measuring of RSSI

6.3.1Long distance opeifield measurement

In this experiment the sensor wessed up td2 m above groundluring normal/clear weather
conditions.The RSSI valugweremeasured once every 50m from the sensor until communication

was ro longer realistically possible, i.e. whehe received signafjoesb el ow t he recei v
minimum receivabl® level, or sensitivity levelY as it is called, see Secti@B. Measurements

at 5, 10 and 25 m from similar open space measurements were added in afterwards in order to
present a more realistic logarithmic graphrigurel3.

RSSilong distance

~100% transfer ratio >10% transfer rate

1 10 100 1000
-60

-70

-90

-100

Figure 13 RSSI measurements from long distance testing. In logarithmic scale.
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As we can see in the graph, the signal has a linear drop off very similar to the one simulated in
Section6.2Si nce t he r ec eckupanypackets with RSShIevelsbeld@3dBm i

we wi || assume that to W.efdourse, RESkvels cam &titvadry s ensit
due to receiver accuracy or environmental effects, meaning that at a distance were RSSI levels
below-103dBm are expected it is still possible to receive RSSI values above that. However, as the
distance increases, the chances of receiving a transmission within acceptable RSSI levels decreases.
Figure13 shows us that the signahd a reliable transfer rate at up to 100m. Past that and up to
distances of 200m the signal was still periodically reachable but would require several tries from

the prototype befre a readable transmission was received (one Witly"Y'O p @06 §

Measurements past this had stan ratios lower thah0%, thus they are not displayed in the graph.

Although the graph is not a perfect linear decrease, this is most likely dustodttationsand
inaccuracies in the receivéfrom Figure13 we have-50 dBm at 1m, -72 dBm at 10m, and-91
dBm at 100m. Meaning-22 dBm loss fran 1 m to 10m, and &19dBm loss from 10n to 100m.
If we were to take the average of these two we would get a linear decrease of:

CQO6a p@QO6 &
C

This roughly translates to a decrease28f dBm/log(d) which is identical to the linear decrease
from our simulated logarithmic graph kKigurell. This proves that the measurements presented
hee indeed are from a near free space loss environment.

¢ Q06 a

6.3.2Measured VS Simulated

As shown in the graph formulahdre is a rather large differenteRSSI level(b) between our
measurementand the predicted RSSI level in our simulatidhis is most likely de to sender
lossesi{) and receiver losse® , see SectioR.6. As presentediR a i d a 0[6], thesa lpsseas
canbe expressed as an offsaluefound within the transmitting and receiving device.

In our simulations in Sectio®.2, (b) was defined a36 dBm while our measurements show a (b)
value of-50 dBm, which gives us a 14dBm differena¥e can thusly say that the prototype has
internal losses that amount to a value of

0 '00'YOouYy O PO«

The simulation with added offsist showntogethemwith the measured graph igurel4.
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Simulation VS actual measurements

-50.0
1 10 100 1000
-60.0

-70.0
-80.0
-90.0

-100.0

Free space formula, Offset = -14dBm Mesurements in open fields

Figure 14: Free space loss simulatiarith 0 "O"0"Y'O " € 6 gcompared with masured RSSI levels

As we can see iffrigure 14, our free space loss simulations and measurements in open field
environments seem to coincidehis confirms thatour measurements presentedrigure13truly

were taken in a free space loss environneentd can be trusted in judging
maximum range.

6.4 Measurements in Farm Fields

After having concluded some basic eXp@nting on the sensor's range, further experimenting in
farm fields was conducted in order to ans®RE&2 Thus, the aim of this experiment was to identify
commoneffects on the system when used in a farm fields.

6.4.1CanolaFields

In this chapterwe present the results from RSSI measuring with the sensor in a canola field. The
sensomwasplaced at a fixed point in the field while the receiver/mobile pheammoved alogside

the field during measuring. RSSI values were documented evaryiitil the signal proved too
weak.The receiver was held at chest height, ca 1.5m from the ground.

The signal was measurbdthwith the sensoplaced on the ground inside the field aviten raised

2 m from the groundslightly above the crops (s€égurel15). The sensor was placed3into a

canola field froma neighbouring roadas seen irfrigure 15. In addition to measuring the sensor
while placed at two different heights, each separate positioongasured onceith the receiver
heldon the neighbounig road and oncwith the receiver held inside the canola fidlkaning that

the device was measureldrg the same straittatal of 4 times(see legends iRigurel7?). Figure

16 further shows an illustration of how the transmitter/sensor and receiver/mobile phone were
positioned during measuring.

26



Figure 15: Sensor raised slightly above the crops in a canola fleft). Neighbouring road to the canola fielensor
is shown in the picture (right).

Overhead view
Horizontal view

Sensor

Sensor

Canola Road

< > 3m
3m

Figure 16: lllustration of the different positions of tisensor and receiver during the experiment.
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RSSI measurement€anola field
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Figure 17: RSSI values with the sensor in a canola field.

In this experiment the signal was read with the sensor and receiver placedondfimns:

0 m height, in field - sensor @ced on the ground and the receiver held in the field,
0 mheight, onroad - sensor placed on the ground and the receiver held on the road,
2 mheight, in field - sensor raised above the crops and the receiver held in the field

2mheight, onroad - senso raised above the crops and the receiver held on the road,

The fAFr ee s p alidedsnotpast ef any maasuements but rather a simulated line with
a linear drop off of-20dBm/log(d) Note that this line is not the same as our free space loss
simulation as it starts of a63dBm instead of50dBm. The purpose of the line is to compare
differences in decrease between measurements

From our measurements figurel7 we see a nonlinear relationship of measured RSSI values in

a logarithmic length scale. This is due to the increased density o8 [@arthe length/distance

increases. As shown in the grapte scale of how the signal deteriorates vary depending on the
transmitting and receiving deviceds positioning
the field, we barely get any kind of signals and1Om distance, regardless of the pasiting of

the receiver. With the transmitter raised alpove the crops we see an effective increase in
performanceHere, the positioning of the receiver seems to play a greater role. With the receiver

held inside the fieldve get a signal that is reachabje to about 15m, while if the receiver idde

outside the field the signal reaches further, up t0.50m

We see that the signal was reachable at distanags tofvards 5 with the sensor raised above
the canola andvhile measuring from the side roafis we can see by comparing tR&SI values
in Figurel7 with those of an open field environment such asigurel3; there is a clear decrease
in received signal strength when the sensor is placed inside a canola field.

We also see that the signal seems to deteriorate dingan rate when placed inside a canola field.
When compang our measurements from raising the sensor 2m above ground to a linear free space
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