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Abstract 

The Internet of Things (IoT) is an umbrella term for smart things connected to the Internet. 

Precision agriculture is a related concept where connected sensors can 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 Energy (BLE) or Bluetooth smart as it is also known by. 

This thesis describes the development of a Bluetooth Low Energy moisture- and temperature 

sensor intended for use in an agricultural wireless sensor network system. The sensor was evaluated 

based on its effectiveness in agricultural environments and conditions such as weather, elevation 

and in different crop fields. Bluetooth Low Energy was chosen as the technology for 

communication by the supervising company due to its inherent support for mobile phone 

accessibility. 

Field tests showed that the sensor nodes were largely affected by greenery 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 that a receiving 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 attention in recent years. The amount of óthingsô 

or devices made accessible through the internet - from smart houses to cloud based apps - continues 

to grow and it is unlikely that this will slow down anytime soon [5]. Wireless sensor networks 

(WSN) is one example of smart things being connected. They 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 focuses on the application of WSN within the area of precision agriculture. 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 temperature, soil nutrition 

and other aspects that affect the well-being and health of plants, crops etc. By using sensors to 

monitor the growth conditions farming can become more efficient and increase crop yields. 

The work was performed at Sensefarm [2], a Swedish company based in Lund that develops 

systems for agricultural environments. In these systems, sensors are used to measure environmental 

factors such as temperature and moisture. These measurements are then made available online and 

can be used to manage optimal planting, watering, harvesting and fertilizing as well as anticipating 

risks for ruined crops. Sensefarmôs products are primarily for the agricultural crop management 

sector but are also used by golf courses and Malmö Municipality. 

Sensefarmôs current solution is based on GSM-equipped sensors where each sensor has a GSM 

module that communicates with a back-end server. Monitoring a field thus requires several GSM 

modules. Such a system is both expensive and inefficient compared to using a sensor network. With 

the use of a sensor network, the GSM module in multiple sensors across a field could be exchanged 

with notably cheaper RF-modules. With these RF-modules, each sensor would only need to send 

its data to a nearby GSM equipped unit ï also a called gateway - to forward data to the server. 

Doing this would mean that only one GSM module would be needed for each sensor network, 

severely reducing the cost of placing multiple sensors in a large field. Sensefarm already has an 

existing solution of a WSN using ZigBee technology. However, they are still interested in seeing 

what other radio protocols in the same field could accomplish.  

The theoretical background of this work is presented in Chapter 2 and related work in Chapter 3. 

Chapter 4 describes the applied method. Construction of the prototype and tools used are Chapter 

5. The results from field testing are presented in Chapter 6. Results are discussed in Chapter 7. 

Chapter 8 provides a conclusion of this thesis. 

 Scope of the thesis 

In this project we only looked at BLE broadcasting between a single transmitter and receiver. 

Backend services were not implemented. 

BLE - also known as Bluetooth smart (see Section 2.7) - was the companyôs technology of choice 

for exploring a new sensor network solution. The reasoning behind this was that the company 

wished to investigate how to make a sensor network more user friendly and connected to Internet 
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of things. By using BLE in sensors, anyone with a smartphone can directly access the data in a 

sensor without connecting to the systemôs backend server. 

 Research Questions 

The purpose of this thesis is to empirically explore the range of BLE in agricultural environments. 

In order to understand the limitations and characteristics of the prototype, the following research 

questions were identified. These were answered through field testing and literature studies. 

RQ1. How far away from a receiver can 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. 
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2 Theoretical Background 

This chapter presents background information regarding the theoretical aspects of sensors and 

sensor network. The purpose of this chapter is to provide the reader with enough insight to follow 

the analytical discussions further on in this paper. 

In Section 2.1 we will explain some basics in radio communication for those completely unknown 

to the subject area. In Section 2.2 we explain the conversion from watt to decibel and why it is more 

convenient to present RSSI in form of decibel rather than watt. In Section 2.3 we explain the term 

RSSI (Received Signal Strength). As all our results are based upon measured RSSI values it is 

crucial for the reader to understand this property. In Section 2.4 we explain antenna gain, how 

different antenna fields can give a better signal in certain directions while decreasing it in other. In 

Section 2.5 we explain line of sight transmission, or free space loss as it is also called. This is the 

most basic of radio transmission where interferences from surrounding 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. 

 Radio communication basics 

Radio waves are a type of electromagnetic radiation used for fixed and mobile radio 

communication, communications satellites, computer networks, navigation systems and numerous 

other applications [16] [1]. Radio waves typically operate at frequencies between 3kHz and 

300GHz and wavelengths of 1mm to 100km. Figure 1 shows the electromagnetic spectrum and 

where radio waves fit in. As displayed in the figure, the frequency spectrum is divided into separate 

groups to be more easily distinguishable, ex: LF (Low frequency) at 30-300kHz or UHF (Ultrahigh 

frequency) at 300MHz-3GHz. 

As with all electromagnetic radiation, radio waves travel at the speed of light, giving us the 

following relation between wavelengths and frequencies:  

ɚ = c/f 

ɚ = Wavelength , c = Speed of light å σρπm/s, f = Frequency (Hz) 
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Figure 1: The electromagnetic spectrum, specifically shows the frequencies used for radio protocols. [1]  

Most technologies from the IEEE 802.11 and IEEE 802.15 standards operate along the UHF to 

EHF band (300MHz-300GHz) [17] [18]. Examples of technologies from these are: Bluetooth, 

Zigbee, Z-wave and WiFi. 

As with all electromagnetic radiation - such as light - radio waves are subject to the phenomena 

of  reflection, refraction, diffraction, absorption, polarization, and scattering. This means that just 

like light, radio waves are largely affected by their surroundings. The effect of these vary greatly 

depending on the substance and material and although there are  

 Decibels and signal strength 

An important parameter in any transmission system is the signal strength. As a signal propagates 

along a transmission medium, there will be a loss, or attenuation, of signal strength [1]. 

It is helpful to express these gains, losses and relative levels in decibels because: 

¶ It can express both large and small values in a short form. 

¶ The net gain or loss 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: 

Ὃ ρπϽÌÏÇ  
ὖ

ὖ
 

https://en.wikipedia.org/wiki/Reflection_(physics)
https://en.wikipedia.org/wiki/Refraction
https://en.wikipedia.org/wiki/Diffraction
https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Scattering
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Where 

 Ὃ  gain, in decibels 

 ὖ  input power level 

 ὖ  output power level 

 ὰέὫ  logarithm to the base of 10 

Decibel is a useful metric for presenting differences between two values. However, it can also be 

used to express and compare extremely large or low scale values in a much manageable form. An 

example of this is the use of dBm (decibel-milliWatt), which is useful for management of small 

power sources such as signal strengths in IEEE 802.11 devices. The formula for dBm is: 

ὖέύὩὶ ρπϽὰέὫ
ὖέύὩὶ

ράὡ
 

 RSSI - Received signal strength 

RSSI stands for Received Signal Strength Indicator. RSSI describes the relationship between 

transmitted power and received power of wireless signals and the distance among nodes in a WSN. 

When a device receives a signal, it measures and stores its strength in dBm, a logarithmic unit for 

effect (see Section 2.2). RSSI values can range anywhere from 0dBm to -127dBm depending on 

the implementation of the chip manufacturer. Generally, a RSSI value such as -100dBm would be 

qualified as a poor signal while a RSSI value of -50dBm could be considered strong. Acceptable 

levels may differ depending on the receiving deviceôs sensitivity, Ὓ (see Section 2.6). 

RSSI levels are mostly defined by each chip manufacturer, or specifically how well the chips are 

calibrated. Well calibrated units will have low sender- and receiver losses - specified as ὒ and ὒ 

in a link budget (see Section 2.6) ï resulting in an overall stronger received signal. Another 

parameter defined by the chip manufacturers is the receiver sensitivity; Ὓ, which specifies how 

weak of a signal it is able to receive. Variances in receiver sensitivity could mean that one 

manufacturer has a minimum receivable signal strength of -100dBm while another manufacturer 

could have a minimum receivable signal strength of -127dBm. [6] [19] [20] 

 Antenna gain 

Antenna gain is a measurement of the directionality of an antenna. It is defined as the power output 

in a particular direction, compared to that produced by a perfect omnidirectional antenna (isotropic 

antenna) [1]. As such, antenna gain is measured in decibels, specifically dBi (decibel-isotropic), 

with 0dBi being identical directivity to that of a perfect omnidirectional antenna. For example: If 

an antenna has a gain of 3dBi in a specified direction, the signal will have twice the expected 

performance in that direction than compared to when using a perfect omnidirectional antenna [12]. 

What is important to note though is that the increased power radiated in one direction comes at the 

expense of other directions. By increasing the power in one direction, power in other directions 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 
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0dBi in every direction. The right pattern meanwhile has more of a doughnut shape, spreading the 

signal further horizontally (+3dBi gain) than the previous antenna but not as much vertically (-3dBi 

gain). Note that the coverage area remains the same between both two radio patterns even though 

they provide different gain levels in the vertical and horizontal plane (volume of the clay remains 

the same). Error! Reference source not found. shows how dBi varies in a standard 

omnidirectional radiation pattern.  

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

Section 6.1), meaning that antenna gain could be omitted from our simulations presented in Section 

6.2. As such, directional radiation patterns will not be covered in this thesis. 

 

Figure 2: Difference in between a hypothetical isotropic antenna and a more realistic omnidirectional antenna. [13]  

 Free space loss 

For any type or wireless 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 area [1] [21]. This form of attenuation is known as 

free space loss and can be expressed in the following formula: 

 ὖ ὖὋὋ
ὧ

τ“ὪὨ
 

Where  

Hypothetical isotropic antenna (0dBi gain) Omnidirectional antenna (3dBi gain) 
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ὖ  Signal power at the transmitting antenna (W) 

ὖ  Signal power at the receiving antenna (W) 

Ὃ  Antenna gain from the transmitting antenna towards the receiver  

Ὃ  Antenna gain from the receiving antenna towards the transmitter  

Ὢ  Signal frequency 

Ὠ  Distance between the receiving and transmitting antenna 

ὧ  Speed of light (σϽρπ άȾί) 

Note that the values of ὖ and ὖ are expressed in watt and not decibel. Also the values Ὃ and Ὃ 

are expressed in 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 assume that both the transmitting and receiving antenna have an ideal isotropic 

antenna with equal spread in all directions, the gain values can be omitted from the equation, (since 

the gain value in an ideal isotropic antenna always equals 0dBi which translates to a factor 1). The 

result can further be converted to logarithmic scale using the equations provided in section 2.2 

When translating the formula to dB, we get the following equation: 

ὖὨὄ ὖ ρπϽὰέὫ
ὧ

τ“ὪὨ
 

Where ὖ and ὖ are expressed in either dBW or dBm.  

 Link budget 

We have now covered some phenomena that effect a radio transmission, namely: disturbances in 

the environment, antenna directivity and free space loss. Together with sender losses and receiver 

losses, this forms what is called a link budget [14] [15]. 

A link budget is an accounting of all the gains and losses in a transmission system. This is useful 

for determining the signal strength arriving at a receiver.  Figure 3 gives a visual representation of 

what gains and losses are covered in a link budget. 
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 Figure 3: Example of a link budget. [14]  

Certain variables shown in Figure 3, such as: ὖ, Ὃ and Ὃ have already been covered in previous 

sections. However, some other variables are a bit new, such as: ὒ, ὒ, ὒ  and to a certain degree 

ὒ  (free space loss formula). The free space loss formula, ignores any possible losses present in 

the receiver (ὒ), transmitter (ὒ) or losses due to the environment, i.e misc. losses (ὒ ). Thus if 

we were to take the formula presented in Figure 3 and remove these three losses, we would be left 

with the free space formula: 

ὖὨὄ ὖ Ὃ Ὃ ὒ  

Where 

ὒ Ὠὄ ρπϽὰέὫ
ὧ

τ“ὪὨ
 

See Section 2.5 for reference.  

The Ὓ value presented at the end in Figure 3 is the receiver sensitivity, which represents the limit 

of how low a signal the receiving unit can identify. With our receiving unit ï the Nexus 5 phone - 

the sensitivity rate was concluded to be -103dBm (see Section 5.2). 

 Bluetooth 

Bluetooth is a wireless communication standard for connecting devices over a short distance. The 

most prominent features of Bluetooth are its low cost and global usage; being used in multiple 

everyday appliances such as smartphones, wireless audio devices and PCs. Bluetooth mostly 

operates in the unlicensed ISM band (Industry Scientific Medical band) at 2.4GHz. Bluetooth itself 

operates between 2.400GHz and 2.485GHz. This is due to Bluetoothôs FHSS (Frequency Hopping 

Spread Spectrum), meaning that Bluetooth switches between a certain number of 
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channels/frequencies in order to reduce the risk of collision with other interfering signals on the 

ISM band such as ZigBee-, Wifi - or other Bluetooth devices [22] [24]. 

Since the required maximum operational range of a Bluetooth device may vary depending on the 

field of use; devices in the Bluetooth protocol are divided into different classes, to more easily 

identify which module is needed for the specified application. As shown in Figure 4; Class 1 has 

the highest permitted power and thus the longest typical range making it optimal for industrial use 

cases and devices where power is plentiful such as laptop or desktop systems. Class 2 has a lower 

permitted max power and range making it suitable for more common devices such as mobile 

phones. Class 3 has the lowest permitted power and range making it ideal for devices with a 

restricted amount of power and low intended range of use, for example wireless headsets. [22] [25] 

 

Figure 4: Bluetooth classes. Source: [22]  (Slightly edited) 

Bluetooth devices can be divided into two roles; central and peripheral. A peripheral usually has 

data that is needed by other devices while a central typically uses the information received from a 

peripheral to accomplish some task. For example, a digital thermostat equipped with Bluetooth 

technology might provide the temperature of a room to an app that then displays the temperature in 

a user-friendly way. 

Peripherals make their presence known by advertising/broadcasting their information. Centrals, on 

the other hand, are able to scan for peripheral advertisements that might have data theyôre interested 

in. When a central discovers a peripheral, the central can request to connect with the device and 

gain access to the peripheralôs data. Once connected, the peripheral- and central device tend to be 

referred to as slave and master respectively. The master device is 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 peripheral device may not be designed for point-to-point communication, but 

rather to only periodically send advertisements. Such a device can be called a broadcasting unit. 

Likewise, a central device might not be designed for connecting and extracting data from peripheral 

devices, but rather only for scanning peripheral advertisements. Such a device can be called an 

observer unit.  [22] [26] 

2.7.1 Bluetooth Classic and Bluetooth Low energy 

The two most commonly used Bluetooth versions to date are Bluetooth BR/EDR (basic 

rate/enhanced data rate) - also known as Bluetooth classic - (Bluetooth v.2.0+) and Bluetooth low 

energy (Bluetooth v.4.0+). Both Bluetooth versions operate on the same frequency band of 
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2.400GHz ï 2.485GHz and use the same protocol stack but still vary greatly 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 consumption such as battery driven devices. Bluetooth low energy also boasts a wider 

transfer range than Bluetooth classic, making it more suitable for long-distance sensor networks. 

[22] [23] [24] 

Bluetooth classic is isochronous, meaning that transmissions need to be scheduled according to a 

specific clock-rate and connections between devices need to be constantly upheld so that data can 

be transferred at the time of notice. Connected devices will always have a link maintained, even if 

there is no data flowing. This allows data to constantly be transferred with the trade-off being 

constant energy consumption. Although Bluetooth classic does have a sleep mode it is still much 

less efficient energy-wise compared to things like 802.11n (e.g. Wi-Fi or Wi-Fi direct) and 

consumes too much power for coin cells and low-energy applications. It is instead more suited for 

applications such as: audio streaming, PC peripherals and short range data transfers. [26] 

Bluetooth low energy on the other hand is asynchronous, meaning that peripheral devices can 

advertise their data whenever necessary. The central device will listen often enough to be able to 

pick it up. This way, if both devices have a pre-agreed schedule, the combined usage can be minimal 

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

minimum transmission time being 3ms compared to Bluetooth classicôs 100ms. This however 

comes at the cost of a slower transmission rate, with BLE at a theoretical max at 1Mbit/s while 

Bluetooth classic reaches up to 3Mbit/s. Because of this, Bluetooth low energy is not suitable for 

streaming large amounts of data, but rather for periodically transmitting small amounts of data. [26] 

[27] 
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3 Related work: Examples of Sensor Networks 

This chapter presents 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. 

 Akylidiz et al. - Signal propagation techniques for wireless 

underground communication networks 

In this paper Akylidiz et al. presents the signal propagation characteristics that can be found in 

Wireless Underground Communication Networks (WUCNs), wireless devices that operate below 

the ground surface [4]. 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 electromagnetic 

(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 

WUCNs 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 any increase 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, different ranges of 

communication distance can be attained at different depths. It is shown that attenuation increases 

with operating frequency, which motivates lower frequency values considering the high 

attenuation. This results in a trade-off between the frequency and the antenna size. An analysis 

reveals that the optimal frequency to reach the maximum communication range varies by depth, 

meaning that using a fixed operating frequency for WUCNs is not the best option. From long term 

measurements, it is shown that seasonal 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 area (i). This paper gave 

us useful insight in how sensors buried underground would propagate. Since we present some 

underground measurements of our own in Section 6.6, 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 presented in the paper 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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 Raida Al Alawi - RSSI Based Location Estimation in Wireless 

Sensors Networks  

In this paper, author Raida Al Alawi presents an algorithm for deciding positioning of RF devices 

based solely on RSSI measurements [6]. Experiments were carried out in three different 

environments, outdoor in open space, indoors with open space and indoors with blockage in 

between transmitting and receiving antenna. Friis transformation and the free space loss equation 

were used to create an expected free space loss model of the device without interference. The model 

was then plotted in logarithmic scale and compared with measurements taken to decide the 

difference in linear decrease. Based 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 outdoor open-space environment 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 estimation would lead to poor location in an indoor environment. 

Thus, a node positioning algorithm based on trilateration was used to localize unknown nodes 

within a 25 ά  area using four reference anchors. Results showed that despite the large error in 

distance measurements due to RSSI variability, it was possible to achieve position estimation with 

a minimum distance error of only a few decimetres and an average of ca 2.4 m. 

Comments: Although a different radio module and RF technology was used for measurements, 

much of the methodology could be applied to our own thesis work as well. For example, how he 

characterizes the RSSI to distance drop off in logarithmic scale as to simplify comparison with 

measurements in different environments. From his measurements 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 measurements. This paper served us 

as a general guideline and reference point on how to interpret and compare the drop of rate of RSSI 

values in different environments.  

 Overview and Evaluation of Bluetooth Low Energy: An 

Emerging Low-Power Wireless Technology 

This paper describes the main features of BLE, explores its potential applications, and investigates 

the impact of various critical parameters on its performance [3]. In addition, the paper also provides 

a list comparing BLE to the following protocols: ZigBee, 6LoWPAN, Z-Wave and classic 

Bluetooth.  

The main focus of this paper lies in its extensive research on BLEôs protocol stack which explains 

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 by fine-tuning parameters in Bluetoothôs Link 

layer such as connInterval and connSlaveLatency which 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 affect the lifetime, throughput, latency and piconet size of a BLE network. 
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However, since the developed prototype only acts as an advertiser ï i.e. broadcasting device ï there 

is never any need for two-way communication, thus we have no use for the results of fine-tuned 

connInterval and connSlaveInterval values. However, this paper does provide us with a 

comparative study of BLE and a few other protocols, most notably Bluetooth classic. It also brings 

to light the interoperability of existing Bluetooth devices and Bluetooth integrated machines such 

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

 A Review of Wireless Sensor Technologies and Applications 

in Agriculture and Food Industry: State of the Art and Current 

Trends 

This paper presents the technical and scientific state of wireless sensor technologies and standards 

for wireless communications in the Agri-Food sector during itsô publishing in 2009 [28]. Several 

fields of interest are covered such as environmental monitoring, precision agriculture, cold chain 

control or traceability. The paper focuses on WSN (Wireless Sensor Networks) and RFID (Radio 

Frequency Identification), presenting the different systems available, recent developments and 

examples of applications, including ZigBee based WSN and passive, semi-passive 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 rain, humidity and temperature were explained to have both positive 

and negative effects on agricultural WSN communication and battery. Various temperatures could 

either prolong or shorten a deviceôs lifetime depending on the battery type. Rain and humidity 

showed conflicting reports on the performance of WSN. 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 influence, is 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 strength during the seasons, due to the increased density of leaves. Several studies 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 such as: Precision Irrigation, Climate 

Monitoring and Greenhouses. 

Comments: This paper discusses 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 dry conditions.  
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4 Method 

This chapter describes the methodology used to design, construct and evaluate the final prototype. 

Figure 5 shows the general work flow throughout the project. 

 

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 Section 1.2. The sensor was tested through a series of field experiments which 

allowed the prototype to be evaluated according to the research questions. 

 Prototyping 

The prototypeôs software was implemented in an iterative fashion. Firstly, functionality of the BLE 

chipôs peripheral broadcast mode was established, allowing for static data to be sent via broadcasts. 

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

Development for the I2C interface was done in more of a test-driven development fashion. Before 

implementing I2C functionality and adding on the temperature/humidity sensor, an error handler 

was put in place to interpret pre-set error codes and messages from the I2C. Software for the I2C 

interface was then developed accordingly in order to pass through the error handler. [29] 

The prototype was finally tested in- and outdoors in much the same way the field experiments 

would be performed. Advertisements from the prototype were read out and analysed using a BLE 

scanner and the received temperature and humidity levels were verified by comparing with reliable 

sources. 

Before moving on to testing and field experiments, a receiving unit needed to be decided. As 

explained in Section 1.1, the company wished to see how BLE could be used to make sensor 

networks more user friendly and connected to internet of things. Seeing as smartphones are 

nowadays everyday devices, and most new versions are being equipped with BLE, we decided to 

use a smartphone device as the receiving unit during field experiments (presented in Chapter 6).  

 Field Experiments 

The finished prototype went through field testing consisting of measuring RSSI values at different 

distances using a BLE scanner. The sensor was placed in various test environments, for example: 

an open football field and among crops of varying height and density. Tests were also run on the 

prototype in different conditions, e.g. rain, sunshine as well as at different elevations above- and 

underground. See chapter 6 for a description of the field tests and the outcome. 

The primary points of interest during experimentation 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 various heights 

 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 inspiration from Raidaôs paper 

on RSSI based location estimation (Section 3.2), we decided to mark down hypothetical losses from 

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

farm field and underground environments. 
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5 Prototype and tools used 

This chapter describes the prototype developed as part of this thesis work, specifically its 

construction and functionality. The prototype only covers the functionality of a transmitting sensor. 

A smartphone with a BLE scanner app was used as a receiver during field experiments, both of 

these will also be shortly covered in this chapter. The actual prototype is shown in Figure 6. 

 

Figure 6: The sensor prototype 

 Prototype design 

The prototype is designed to work as a standalone BLE broadcasting device. The prototype 

periodically broadcasts data of temperature and humidity over BLE. In the BLE protocol stack 

these broadcasts are called advertisements, and are essentially used to let other BLE devices know 

of its existence. An advertisement contains various types of data, e.g. CRC (Control Checksum), 

RSSI (see section 2.3) or AdvData (advertisement data). Figure 7 gives an overview of which 

packets are included in an advertisement. 
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Figure 7: Structure of a BLE advertisement.[31]  

In the case of our BLE device, our AdvData holds the following data: Device name, device data, 

transmit power, manufacturer specific ID. There 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 accounted for in the following explanation [31]. 

Tr ansmit power is just that, ὖ (see Section 2.5). It is stored as a single byte integer, meaning that 

it can take the form of values between +127dBm and -127dBm. Although, since ours is a Bluetooth 

class 2 module, transmit power is limited to lie in between -30dBm and +4dBm. For testing, we 

chose to use the maximum possible transmit power, i.e. +4dBm. 

Manufacturer specific ID is a 2-byte unique identifier for what company licenced the particular 

BLE chip. 

Device name &  device data are strings of editable data that share the same amount of useable 

bytes. Device name is used to make the device more easily distinguishable from other BLE devices, 

e.g. ñHumidityò, or ñTempò. Device data is used for sending messages along with broadcasts, for 

example: ñ33ò or ñ71ò (examples of temperature or humidity values). Device name and device data 

share the same 15 bytes for both of their messages, meaning that data transfer over broadcasts is 

severely limited [32]. For the sake of simplicity, we gave the prototype the device name: ñSensorò. 

Device data was structured into ñtemperature valueò (C°), ñperiodò and then ñhumidity valueò (% 

water). Example: ñ33.71ò, would mean a temperature of 33 C° and a humidity value of 71%. 

A BLE device in advertising mode has an assignable advertisement interval of 20ms to 10.24 

seconds. Advertisement interval indicates how often advertisements are sent. In practical systems 

the advertisement interval value may be increased as to lower the power consumption during use, 

with the trade-off being system throughput. In our setup, we used an advertisement interval of 1s. 

This was as to more easily gauge at what distance the signal was receivable. [32] 

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

to be set-up. 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 application was used during field testing to simulate a gateway/receiver, 

se Figure 8. The BLE scanner app was run on a Nexus 5 smartphone [9] [7]. When scanning, the 

BLE app would 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 an RFD22301. It has inbuilt support for the Arduino library, an 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 from RFduino, 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 the AA-battery shield. 

The board where the RFD22301 was connected on provided an on-chip antenna with these 

approximate measurements: 85/80/250mm. The chip was connected to a temperature/humidity 

sensor; SHT21. The sensor transfers measurement data of moisture and temperature levels to the 

BLE chip through the use of I2C as shown in Figure 8. The chip acts as master and the sensor as 

slave during I2C communication.  

 

Figure 8: Overview of the prototype/sensor node 

 Receiving unit 

We decided to use a smartphone as the receiving unit for field experiments and measuring. The 

Nexus 5 was the smartphone of choice since it was able to run the latest Android operating system 

at the time, Android 5.1.1. For the BLE scanner application we chose to use an application on the 

public market.  

We were unable to find any official documentation of the Nexus 5ôs ὒ, (receiver losses), Ὃ 

(antenna gains) or Ὓ (receiver sensitivity) values. Thus these values had to be decided based on 

assumptions and field experiments.  

- Based on our results in Section 6.1 we decided Ὃ πὨὄὭ.  
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- In Section 6.3.1 we decided a common offset value for both the transmitter and receiver 

losses: ὕὊὊὛὉὝὒ ὒ ρτὨὄά. 

- Since the minimum RSSI value during field experiments was ρπσὨὄά we concluded 

this to be the limiting Ὓ value of the Nexus 5. 

 Development tools 

We used the following tools for the development and research of this thesis.  

BLE Scanner app ï Android app that scans for BLE devices. Made by Bluepixel Technology LPP. 

Used to test functionality of peripheral/sensor nodes in the network. [7] 

Nexus 5 ï Smartphone used together with the fore mentioned BLE scanner app to monitor signal 

accessibility of the prototype. [9] 

SHT21 ï Temperature and humidity sensor developed by Sensirion. Used to gather temperature 

and humidity data for the main controller chip. [8] 

RFduino DIP/RFD22301 ï A shrunken down Arduino microprocessor, equipped with BLE 

technology, produced by RFduino. Used to broadcast data received from a connected SHT21 

module. Acts as a peripheral/sensor node in the network. [11] 

RFduino, rapid development kits ï A collection of shields used together with the RFduino DIP. 

Battery shield was the one primarily used during measurements. [11] 

Arduino Software 1.6.1 ï Easy to use IDE for programming Arduino microprocessors. Used to 

program the RFduino microcontroller. [10] 
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6 Result and analysis of field experiments 

In this Chapter, we will present the various field experiments made in order to obtain underlying 

data for discussions of RQ1 and RQ2. The experiments consisted of measuring RSSI values and 

drop off rates in various environments and conditions. The tests mainly covered variations in signal 

strength over distance, direction and placements of sensor for the different environments.  

In order to answer RQ1 we needed 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 Section 2.5). We did this by measuring the RSSI drop off rate of the device in an 

open field while raised up 2m above ground so that the environment would have little to no impact 

on the transmission (presented in Section 6.3.1). However, in order to verify that our measurements 

were actually taken in a free-space-loss environment we decided to compare our results with a free-

space-loss simulation (simulation presented in Section 6.2). Thus we decided the prototypeôs 

antenna spread pattern by measuring the RSSI values (see Section 2.3) of the device at different 

angles (presented in Section 6.1).  

In order to answer RQ2 we measured the RSSI drop off rate of the device in a few different 

environments during various conditions. The device was measured in a 2m tall canola field and a 

2dm tall wheat field, once during clear weather (presented in Section 6.4) and once during rain 

(presented in Section 6.5). The device was also measured while buried underground (presented in 

Section 6.6) as it was another area of potential interest for Sensefarm. 

All graphs presented in this chapter were made using Excel 2016 [30]. Measurement values to all 

these graphs can be found in appendix A. 

 Omnidirectional Spread 

In this experiment we measured the RSSI levels at different angles from the sensor in order to 

assess whether antenna spread from the sensor was omnidirectional. This was a necessary step 

before our free space loss simulations in order to determine the value of Ὃ (transmitter gain). For 

this experiment the sensor was positioned approximately 1 m above ground in the middle of a 100m 

long football field; shown in Figure 9. This way we hoped to eliminate any effects the environment 

could have on our measurements, giving us similar values all around. Results from these 

measurements are shown in Figure 10. 
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Figure 9: Football field, used for measuring omnidirectional and open field signal strength. 

 

Figure 10: Measurements on the sensor's omnidirectional signal strength. 

From this graph we can see that the signal strength remains mostly unaffected at shorter distances, 

but slightly varies at distances of 15 m. We see some dips in measured RSSI along certain angles 

but the signal seems to mostly remain within the range of ωπὨὄά at 15m distance. Thus we 

decided to assume that the prototype had a reasonably omnidirectional spread, meaning a 

transmitting antenna gain of πὨὄὭ. 

The Nexus 5 mobile phone used for subsequent measurements did not have any official reports on 

its radio specifications and as such, most of itôs parameters had to be decided through rough 

estimates. Throughout all measurements, the 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 the same we can 

assume the receiving antenna to have a gain level of Ὃ πὨὄὭ.  
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 Simulation with free space loss 

In this chapter we present our free space loss simulations of communication between the prototype 

and scanning device (Nexus 5). The simulations will provide an expectation of how the device 

ought to perform in an open space environment. This simulation will be compared in Section 6.3 

to actual measurements in said open space environments. 

Since the only varying component in a free space loss environment is the distance between sender 

and receiver, the formula can be re-written as: 

ὖ ὯϽ
ρ

Ὠ
 

Where 

Ὧ ὖὋὋ
ὧ

τ“Ὢ
 

Thus by calculating Ὧ, the free space loss equation can simply be plotted along a varying distance, 

Ὠ. The necessary variables for calculating Ὧ will now be presented. 

The RFD22301 module is of a Bluetooth class 2 type, meaning that it has a maximum radio 

output power of ὖ Ὠὄά τὨὄά. Converting this to watt we get ὖ ὡ ςͯȢυάὡ. See 

Section 2.2 for theory 

ὧ is the speed of light, which is defined as ὧ σϽρπάȾί. 

In Section 6.1, we had already concluded the antenna spread of both the transmitting and receiving 

unit to be omnidirectional, Ὃ  Ὃ πὨὄὭ. Converting this to a decimal relation we get πὨὄὭ

ρȢππ. 

Due to FHSS (Frequency Hopping Spread Spectrum) Bluetooth operates in a frequency range of 

ςȢτππὋὌᾀςȢτψυὋὌᾀ (see Section 2.7 for theory) however since the difference of 85MHz is so 

small we decided to use Ὢ ςȢτὋὌᾀ for our simulations. 

With all the variables decided we can go ahead and solve the constant Ὧ. 

Ὧ ὖὋὋ
ὧ

τ“Ὢ
ςȢυϽρπ ϽρϽρϽ

σϽρπ

τ“ϽςȢτϽρπ
ςͯȢυϽρπ 

With Ὧ decided the free space loss formula can be expressed as: 

ὖ ςȢυϽρπ Ͻ
ρ

Ὠ
 

Or in the case that the result needs to be in proper decibel-milliwatt form, the equation can be 

expressed as: 
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ὖὨὄά ρπϽὰέὫ
ςȢυϽρπ Ͻ

ρ
Ὠ

ρπ
 

By plotting this formula as a function of distance Ὠ along a logarithmic scale, we get the graph 

presented in Figure 11. 

 

Figure 11: Free space loss simulation with Ὧ ςȢυϽρπ, logarithmic x-axis. 

Figure 11, shows a linear relationship where ὖ deteriorates with ςπὨὄά for ὰέὫὨ, where d is 

the distance (m). The logarithmic scale graph in Figure 11 can be expressed as a linear one: 

ώ ὥὼὦ 

Where 

ὦ σφὨὄά 

ὥ ςπὨὄά 

ὼ ÌÏÇ Ὠ 

While ὦ decides the initial height, (ὥ will always retain the same angle in a free space 

environment. This is due to the fact that distance is the only dynamic variable. If, however the 

transmitter or receiver was being moved into an area of increasing environmental interferences we 

would see the received signal strength drop more drastically than compared to a free space loss 

environment. 

 Measurements in open field/free space loss environments 

In this chapter we present our RSSI measurements from open field environment experiments. The 

experiments were performed in a field of approximately 2 dm tall wheat (see Figure 12). The 

purpose of these experiments are to understand the maximum range of which communication is 
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realistically possible as well as to verify that the drop-off rate of the signal follows that of our 

simulations from Section 6.2.  

 

Figure 12: Environment used for long distance measuring of RSSI. 

6.3.1 Long distance open-field measurement 

In this experiment the sensor was raised up to 2 m above ground during normal/clear weather 

conditions. The RSSI values were measured once every 50m from the sensor until communication 

was no longer realistically possible, i.e. when the received signal goes below the receiverôs 

minimum receivable ὖ level, or sensitivity level Ὓ as it is called, see Section 2.6. Measurements 

at 5, 10 and 25 m from similar open space measurements were added in afterwards in order to 

present a more realistic logarithmic graph in Figure 13. 

 

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 

Section 6.2. Since the receiver wasnôt able to pick up any packets with RSSI levels below -103dBm 

we will assume that to be the receiverôs sensitivity level Ὓ. Of course, RSSI levels can still vary 

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. 

Figure 13 shows us that the signal had 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 before a readable transmission was received (one with ὙὛὛὍρπσὨὄά). 

Measurements past this had transfer ratios lower than 10%, thus they are not displayed in the graph. 

Although the graph is not a perfect linear decrease, this is most likely due to RSSI variations and 

inaccuracies in the receiver. From Figure 13 we have -50 dBm at 1 m, -72 dBm at 10 m, and -91 

dBm at 100 m. Meaning -22 dBm loss from 1 m to 10 m, and a -19 dBm loss from 10 m to 100 m. 

If we were to take the average of these two we would get a linear decrease of: 

ςςὨὄάρωὨὄά

ς
ςπȢυὨὄά 

This roughly translates to a decrease of -20 dBm/log(d) which is identical to the linear decrease 

from our simulated logarithmic graph in Figure 11. This proves that the measurements presented 

here indeed are from a near free space loss environment.  

6.3.2 Measured VS Simulated 

As shown in the graph formula, there is a rather large difference in RSSI level (b) between our 

measurements and the predicted RSSI level in our simulation. This is most likely due to sender 

losses (ὒ  and receiver losses ὒ , see Section 2.6. As presented in Raidaôs paper [6], these losses 

can be expressed as an offset value found within the transmitting and receiving device.  

In our simulations in Section 6.2, (b) was defined as -36 dBm while our measurements show a (b) 

value of -50 dBm, which gives us a 14dBm difference. We can thusly say that the prototype has 

internal losses that amount to a value of:  

ὕὊὊὛὉὝὒ ὒ ρτὨὄά 

The simulation with added offset is shown together with the measured graph in Figure 14. 
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Figure 14: Free space loss simulation with ὕὊὊὛὉὝρτὨὄά, compared with measured RSSI levels. 

As we can see in Figure 14, our free space loss simulations and measurements in open field 

environments seem to coincide. This confirms that our measurements presented in Figure 13 truly 

were taken in a free space loss environment and can be trusted in judging the deviceôs theoretical 

maximum range. 

 Measurements in Farm Fields 

After having concluded some basic experimenting on the sensor's range, further experimenting in 

farm fields was conducted in order to answer RQ2. Thus, the aim of this experiment was to identify 

common effects on the system when used in a farm fields. 

6.4.1 Canola Fields 

In this chapter we present the results from RSSI measuring with the sensor in a canola field. The 

sensor was placed at a fixed point in the field while the receiver/mobile phone was moved alongside 

the field during measuring. RSSI values were documented every 5 m until the signal proved too 

weak. The receiver was held at chest height, ca 1.5m from the ground. 

The signal was measured both with the sensor placed on the ground inside the field and when raised 

2 m from the ground, slightly above the crops (see Figure 15). The sensor was placed 3 m into a 

canola field from a neighbouring road, as seen in Figure 15. In addition to measuring the sensor 

while placed at two different heights, each separate position was measured once with the receiver 

held on the neighbouring road and once with the receiver held inside the canola field. Meaning that 

the device was measured along the same strait a total of 4 times (see legends in Figure 17). Figure 

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

positioned during measuring. 
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Figure 15: Sensor raised slightly above the crops in a canola field (left). Neighbouring road to the canola field. Sensor 
is shown in the picture (right). 

 

Figure 16: Illustration of the different positions of the sensor and receiver during the experiment. 
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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 placed in the conditions:  

0 m height, in field - sensor placed on the ground and the receiver held in the field, 

0 m height, on road - sensor placed on the ground and the receiver held on the road, 

2 m height, in field - sensor raised above the crops and the receiver held in the field, 

2 m height, on road - sensor raised above the crops and the receiver held on the road, 

The ñFree space loss decreaseò line is not part of any measurements 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 at -63dBm instead of -50dBm. The purpose of the line is to compare 

differences in decrease between measurements 

From our measurements in Figure 17 we see a nonlinear relationship of measured RSSI values in 

a logarithmic length scale. This is due to the increased density of plants as the length/distance 

increases. As shown in the graph, the scale of how the signal deteriorates vary depending on the 

transmitting and receiving deviceôs positioning. With the transmitting device at ground level inside 

the field, we barely get any kind of signal at 5m and 10m distance, regardless of the positioning of 

the receiver. With the transmitter raised up above the crops we see an effective increase in 

performance. Here, the positioning of the receiver seems to play a greater role. With the receiver 

held inside the field we get a signal that is reachable up to about 15m, while if the receiver is held 

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

We see that the signal was reachable at distances of up towards 50m with the sensor raised above 

the canola and while measuring from the side road. As we can see by comparing the RSSI values 

in Figure 17 with those of an open field environment such as in Figure 13; 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 at non-linear rate when placed inside a canola field. 

When comparing our measurements from raising the sensor 2m above ground to a linear free space 
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