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Abstract
Wireless communications have taken over more roles in recent years, initially transferring files and data to now where such wireless methodologies like Bluetooth LE is utilised to automate and control devices in the home.
With the ever increasing risk in security of households & the undesirable sight of traditional ‘pet flaps’ there is a major gap in the market in pet ownership for property entry/ exit methods for canines & felines. There hasn’t been a major advance in technological implementation for the pet market in recent years. 
This paper is intended to demonstrate an alternative & low cost solution to alert pet owners of the access and egress to their pet’s needs, to whom has the incapability of installing ‘pet flaps’, by studying the wireless methods available, determine the feasibility to develop an automated system that a pet can autonomously trigger doorbell alarm.
The wireless methods will first be analysed for suitability to this application, the chosen wireless method will then be trialled, with results taken over its performance and reliability. 
The system will serve the purpose of a proximity alert device; therefore, RSSI (Received Signal Strength Indication) will be investigated, with the use of RF (Radio Frequency) test equipment, therefore, employed as the basis of the proximity threshold alert. 
The outcome is conclusive; it is entirely feasible to adapt a wireless methodology as a proximity device, but with some interesting outcomes; power density affects the detectable range, as well as obstructing the transmitting EM RF (Electro-Magnetic Radio Frequency) wave, however, there are variations in house layouts & environments that contribute to this.
Further investigation is needed to determine the negative effects of the EM RF wave propagating through varying materials.
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[bookmark: _Toc516082416]Introduction

This dissertation will assess the need for a wireless pet activated doorbell system, on the basis that the option to install a traditional ‘pet flap’ is not viable. The research and findings in this paper, for a system of which will be designed and fabricated, reflects on the niche market that this will be intended for.
The principle of this major project is to alert a pet owner, be it a feline or canine, when the pet wishes to enter or vacate the property. The system that will be implemented will investigate whether an electronically stored register, of which pet is in or outside of the property is plausible. For cat owners that have several felines, the proposed system will benefit the owner threefold; 1. To that it overcomes the issue that the homeowner does not or cannot install a traditional ‘cat flap’, 2. The owner has several pets and requires a register of who is in or out. 3. To find a cat within the household using the devices RSSI (Received Signal Strength Indicator). The system is also aimed at the dog owners, which will benefit the homeowner whether the dog wishes to go outside or come inside to use the toilet.
The system will be designed around currently existing technology, although there are an abundance of versions of wireless ‘tag’ detection systems, such as mobile phone apps that pair with Bluetooth dongles, these are very limited on what they can do. The system in this project will overcome these limitations by adapting the existing technologies by taking advantage of the basic fundamentals of wireless identification and embedded microcontroller systems.






[bookmark: _Toc516082417]Section 1
[bookmark: _Toc516082418]Problem outline
As a pet owner, we strive to make our companions lives as comfortable as possible, treat them as part of the family, witnessing a very common issue when commuting to work brought this problem to light; almost every homeowner that has one or more pet cats shares the same problem, and that is not knowing when their pet cat wishes to come into the household. Where a traditional ‘cat or pet flap’ isn’t installed, typically to the rear entrance of the property. Outdoor felines and dogs solely rely on their owners to let them in and out of the house. There are several reasons as to why a ‘pet flap’ cannot be installed; either due to security concerns, i.e. burglars using this weak point as a means to force entry. Another restriction is to homes that do not have uPVC rear doors to cut a profile out to install the ‘pet flap’ unit, such as double glazed sliding or French doors, which is impracticable and expensive to install, and the fact that not every homeowner has the ability or skills needed to undertake modification work on a uPVC door to install a ‘pet flap’. As a pet owner myself, a ‘cat flap’ is not a desirable object aesthetically to have installed. 
This problem also apparent in dog owners as well, canines of the larger breed solely rely on their owners to be let out of the household to use the toilet, and quite commonly, they typically wait by the rear door of the property to go in the garden.
Us as humans use a simple doorbell with a user interface push button, and a low voltage doorbell system, using this concept for pets would be an alternative solution, but there is a flaw, the height of the button and training of the pets to push this button.
[bookmark: _Toc516082419]Proposed solution
The proposed solution is to automate a doorbell system for pets that does not require any further training of the pet to interact with a UI (User Interface). The most effective way to automatically ring a doorbell when the pet is at the door, is to do this wirelessly, attaching a wireless tag or beacon to the pet’s collar.
This is similar in the way that some RFID pet flaps work that are currently sold on the market, by utilising an implanted microchip in the pets neck to open the pet flap, there are other products that use unique passive RFID tags that attach to the pets collar, but these are only compatible with that certain product and the tags are limited in how many the system works with.
The idea is to use a simple technology method that is universal across all wireless readers sold on the market


[bookmark: _Toc516082420]Wireless Technologies Overview
[bookmark: _Toc516082421]RFID/ NFC
RFID (Radio Frequency Identification) is a short range wireless communication device that uses the NFC (Near Field Communication) principle to transmit data, or read a tag’s ID. 
Microchip Implants
Nearly all pets nowadays have RFID microchip implants just beneath their skin. This is to electronically read the implanted microchips unique ID number & this information is stored on a database that correlates the pet’s microchip to the owner. This device uses the NFC technology, to where a reader is placed over the implant to energise the microchips circuitry, a typical mass production pet microchip manufacturer being Trovan tag®. The reader is placed within 10cm of the microchips effective RF NFC range to create the reactive inductance to which this provides power supply to the microchip. The circuits IC chip is then powered up and transmits its unique ID to the reader. The microchip’s unique ID number is then entered onto the following registered pet database [1].
The pet identity register uses many databases, the more commonly known are;
· Petlog
· Identibase
· Petidentity
· Pet Protect					[2]
[bookmark: _Toc516082422]GSM (GPRS, 2G, 3G & 4G)
GSM (Global System for Mobile Communications) is the Radio communication basis largely used for domestic use that transmits voice, SMS & internet data packets to the smartphones of today. There are a number of variations of GSM tags that are small enough to fit onto a pet collar. These devices rely on a GPRS base station to send and receive data packets. As these devices operate on the same circuitry as the mobile telephone, a SIM card with an active telephone number is required within the device; therefore the user has to subscribe to a service provider.




[bookmark: _Toc516082423]Bluetooth
[bookmark: _Toc516082424]- 2.0, 4.0 + LE
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Bluetooth Protocol stack.PNG]Bluetooth, has evolved since its introduction & now features generation 4.0+ which is more commonly known as Bluetooth LE (Low Energy), as it’s the lowest power consumption of all the generations so far. As Bluetooth & LE was introduced to replace RS232, it is designed as a protocol ‘stack’, as the process of transferring information over Bluetooth & LE requires the process to be followed in order for all Bluetooth devices to universally work together [3].[bookmark: _Toc515816597]Figure 1

Figure 1 [4], shown here is the illustration of the protocol stack layers, the process of sending data from a PC or smartphone device starts at the top of the stack before it is transmitted.
[bookmark: _Toc516082425]Wi-Fi
Wi-Fi (Wireless Fidelity) is the most commonly known of wireless communications that is used in all products today besides Bluetooth. Wi-Fi incorporates the use of access points, networks & routing connections from peer to peer. Wi-Fi works in similar way to Bluetooth, both operating within the ISM band, but Wi-Fi utilises more powerful transmitters.  There are more complications in using Wi-Fi as the connectivity is not as direct as Bluetooth, as firewalls & ports work in conjunction to block unwanted access. Wi-Fi can transfer a much higher data rate than Bluetooth + LE, up to 54Mb/s over 3Mb/s for Bluetooth LE (Enhanced) [5][6].





[bookmark: _Toc516082426]Section 2
[bookmark: _Toc516082427]Literature Review & Competitor Product Research
[bookmark: _Toc516082428]Literature Review
In the research techniques below, Bluetooth has been adapted to be used as indoor location devices. It is extremely hard & expensive to give an accurate location with a single Bluetooth beacon device as the transceiver is omnidirectional, on the other hand, a directional transceiver would only pick up radio signals within a specified azimuth to a fixed area. This is where trilateration comes into effect. Where triangulation measures distances using known measured angles in a triangular format, trilateration uses distances & circles (that intercept) to determine distances from each object(s), this is because radio waves transmit in a isotropic manner & don’t have the capability of measuring angles, therefore Trilateration measures the distances with two known figures; speed of light & the echo time of the transmitted signal [7].

[image: ]A paper published by R.Faragher & R.Harle, University of Cambridge investigates into the accuracy & application of Bluetooth Low Energy for indoor positioning. R.Faragher et al explains that Wi-Fi is another method for obtaining positional location, as used by Google maps for instance. However, they explain further that Wi-Fi is a ‘power-hungry protocol’ [8] & ‘access points are rarely deployed with the ideal density or geometry to obtain positional information’ [8], and moved onto other 2.4GHz ISM devices, such as Bluetooth Low Energy as it addresses the issues that Wi-Fi has. In their findings, the environment hugely affects the accuracy of positioning & attenuation of the signal. Faragher claims that the error of BLE positioning is much as 5m deviation at 10m [9].
Figure 2 shown here, graphically shows the effect of an obstructed BLE beacon. In terms of distance measuring, any obstacles, such as walls, furniture or people for that matter, have a great effect on proximity sensing.[bookmark: _Toc515816598]Figure 2

[image: ]
In a research paper published by Yuta Miyagawa & Norihisa Segawa, titled; ‘Construction of Indoor Location Search System using Bluetooth Low Energy’ talks of issues to do with obtaining accurate indoor positioning using a low cost discrete system. In this paper, Yuta Miyagawa et al points out that camera systems are the best system for obtaining an accurate location, but is hindered by privacy rights [10].[bookmark: _Toc515816599]Figure 3

In this paper, the aim is to obtain positional information of one of the many Bluetooth LE beacons. This is done by using multiple ‘base stations’ i.e. the fixed receivers linked to a central ‘management system’. The Bluetooth LE beacons that are used are the ‘iTAG’ BLE V4.0. The base stations that are used are Raspberry Pi’s, all with Wi-Fi & Bluetooth LE connectivity integrated on the board, therefore, the Raspberry Pi’s are the base stations, placed in every area. These are then linked up to the ‘management system’ to which is a Mac Mini Server. The ‘management database’ is a web based system that users can use their smartphones with access to this database to obtain an area position of the Bluetooth LE beacon that they are interested in. The experiment was a success, in that the user could obtain the position that their beacon is in.
Although in this paper, Yuta Miyagawa et al have proved the concept of using Bluetooth LE for obtaining area positional information at a low cost, there are a couple of things to note; 
1 [bookmark: _Ref515830648]Multiple ‘base stations’ are needed, one for every room or area to have accurate and effective RF coverage, at a RRP of £34.07 (RS Stock No: 896-8660 30/05/2018) the more areas or rooms to cover will push the price up.
2. A web based app needs to be created for the end user, requiring more specialist programming
3. This concept does not accurately obtain millimetre precision of the Bluetooth LE beacon, but only gives information as to what room or area it is currently in.
This system, although utilising the versatile Bluetooth LE to give an RSSI value from the small, light & portable beacons, will not be desirable for the application of this major project for the reasons listed above. The concept is to have a single, stand-alone unit with one ‘base station’ receiver. The idea is to produce a device that requires no installation requirement at all.





[bookmark: _Toc516082429]Competitor Product Research
There are products currently out on the market that are designed to track, locate or allow access/egress for pets with portable tags attached to their collars or implanted under the skin. These devices can employ various methods of wireless communications.
Types of ‘Pet Tags’;
· Pet Flaps
· Microchip
· RFID
· Boundary Alarm
· GPS Tracker
SureFlap Cat Microchip Cat Flap
The SureFlap microchip cat flap works with already implanted microchip ID’s. However, the implanted microchips must fulfil criteria in order to be compatible. The microchips must be the following types as listed;
- 15-digit microchips (also known as FDXB) 
- 10-digit microchips (also known as FDXA) 
- 9-digit microchips (also known as Avid Secure/Encrypted Chip) [11]
The types of microchips above are taken from the SureFlap® user manual & the note below is an important consideration when purchasing this product;
‘Extensive tests have shown that SureFlap® works perfectly with the vast majority of microchips. However a very small percentage of cats have a microchip without the required range for SureFlap® – this does not mean there is a problem with the microchip as your vet can still pick it up with their handheld scanner close to the microchip. In these rare cases SureFlap® can only be used as a normal cat flap without selective entry’. [12]
Although SureFlap® has catered for all common cat microchip types, there is a possibility that it may not be compatible with certain types of implants.
Another consideration is the design of the product. The sales description lists that it is battery operated, and the operator’s manual claims that the 4x AA batteries can last up to 6 months. The operation of the device uses RFID (Radio Frequency Identification), a type of NFC (Near Field Communication), to where the transmitter transmits its operating frequency, & when the passive tag or microchip’s antenna is in the reactive near field, is picked up by the microchip, and generates its own power from EM inductance. The tuning capacitor, together with the ID IC chip transmits its modulated ID data transmission back to the receiver. [13]
The FDXB 15-digit microchip produced by Identipet, for example, is a passive RFID microchip that consists of an EM antenna coil, tuning capacitor, pre-programmed ID number IC chip & glass tube. Identipet’s datasheet defines that the operating distance is 10cm, typical of passive microchips. The downside to using this technology is that the transceiver has to be within this distance to the cat’s implant to work. And as because this project is to prove a solution to pet owners that cannot install devices that requires their pet to go through an inductive loop or install an antenna that pet has to get into close proximity, this technology becomes unfeasible. [14]
Boundary Alarms
The Bluetooth LE tag that is used in this project, the iTAG, produced by Falcon offers a ‘tracking’ capability, namely a boundary alarm. Coupled together with the smartphone App, the Bluetooth beacon is paired with the smartphone device and works off the RSSI principle. Put simply, when the connection is lost, i.e. the iTAG beacon goes out of connection range, the smartphone App triggers and alarm. The images shown below are the iTAG, MAC ID: ‘COC4’ that is connected to the smartphone & App. 

Figure 4 (Right) is the location screen of the iTAG. Note that the position calculated by the smartphone & App are not accurate. The actual position is the red star; the calculated position is the blue dot with arrow.[bookmark: _Toc515816600]Figure 4

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Screenshot_20180529-151522.png] 


Figure 5 (Left) is the lost location history. When the iTAG goes out of range from the smartphone & the alarm is triggered, a log is created, logging the tag ID, location in Latitude & Longitude co-ordinates.

[bookmark: _Toc515816601]Figure 5


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Screenshot_20180529-151122.png]
Figure 6 (Right) is the alarm function within the iTracing App. A visual & audible alarm is triggered when the iTAG is out of range.[bookmark: _Toc515816602]Figure 6




Using Google maps, Figure 7 shows the precise location when the Latitude & Longitude from the log history is entered into Google maps. As you can see, the location is different from Figure 4, the iTracing map above.
Although the location is closer to where the iTAG actually is (Yellow Arrow), there is still a positioning error, as the co-ordinates show that the iTAG is in the front garden to the adjacent property.[bookmark: _Toc515816603]Figure 7


This device would not be ideal for precisely locating a pet, as this uses the homes Wi-Fi router as a known point, and calculates the iTAG’s position from this. Therefore, without Wi-Fi connection, the co-ordinate of the iTAG is not possible to achieve. Another thing to consider is that this application can only alert the owner when the pet is out of range from the phone, thus it cannot alert the owner when the pet comes into close proximity of the home. Although this system is not ideal to alert the request of an entrance/ exit from the pet, the Bluetooth LE tag will be of use, as it is a standalone device that can be applied to other applications.


Tractive GPS Pet Tracker
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Tractive 1.PNG]There are products, such as the Tractive GPS, that are true GPS trackers, as opposed to the ‘GPS Bluetooth Trackers’ that are sold on places such as eBay that claim to advertise GPS tracking capability, which clearly cannot due to the low cost & application of the devices. The Tractive GPS product, retailing at £44.99 (14/05/2018 Prices) provides some user features;[bookmark: _Toc515816604]Figure 8

· Live GPS tracking
· Mobile App
· Virtual Fence, Geofence ™ (Boundary Exit alert*)
· Location history					[15]
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Tractive 3.PNG][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Tractive 2.PNG]The live GPS uses orbiting satellites for its global positioning. The catch with this is that when you purchase the product, there is a service plan. These rates vary according to the duration & type of service the consumer wishes to choose. For example, a basic yearly plan costs £44.99 (£3.75 pm) [15] 14/05/2018. 





[bookmark: _Toc515816606]Figure 9
[bookmark: _Toc515816605]Figure 10


*The Virtual Fence feature is set up on the mobile App. This feature is useful for alerting the pet owner when their pet leaves the virtual pre-defined area, to which is a distance in a radius format.
The only downside to this is that it cannot work in the opposite direction, alerting the owner when the pet comes back into the pre-defined boundary. If this product had this feature, it would be a competitive product to that of this proposed project.
For the cost of the product, annually it will price at £89.98 for the Tractive GPS device & the service subscription.

[bookmark: _Toc516082430]Wireless communication Technology Selection
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Wireless Tech Comparison table.PNG]A table of the available wireless methodologies has been tabulated to compare the characteristics of each one. From this, a thorough determination will be made as to which method shall be chosen. Figure 11 below is the table constructed from various research references. A typical device or product is chosen from each wireless method currently available out on the market and the operating specifications are correlated below.
[16] [17] [18] [19] [20] [21] [22][bookmark: _Toc515816607]Figure 11

[bookmark: _Toc516082431]RF Selection
Bluetooth LE (Low Energy) will be the choice of the wireless communication method. This is chosen out of the available other communication types based on;
· Cost
· Ease of application
· Size
· Availability from distributors
· RF Licensing 
[bookmark: _Toc516082432]Cost
The cost of Bluetooth LE is considerably cheap and affordable. As Bluetooth LE beacons, such as the iTAG can be purchased from popular online auction websites as low as 99p (eBay ID: 232620158962 Colour: Green 29/05/18). The Bluetooth transceiver is cheaper than other wireless types, such as the Parallax RFID reader 28140 (RS Stock No: 666-6625) at a price of £44.98 including VAT (29/05/18)
[bookmark: _Toc516082433]

Ease of application
The majority of Bluetooth LE adapter type modules are available on the market with a simplistic and universal communication means; RS-232. This is favoured over other wireless modules, such as Wi-Fi that use Ethernet to connect to a PC or controller device, such as a Microcontroller. Ethernet poses the further complication of access points and internet protocols in order to establish a connection from the Wi-Fi device to the computer controller or smartphone device.
[bookmark: _Toc516082434]Size
The size of the Bluetooth LE beacon is limited to a pendant sized object, as the smaller breeds of pets must be able to wear the device with ease and not too bulky. The transceiver itself is to be a single unit that is compact in order to be portable, as the purpose of the UI (User Interface) device is to be placed on small footprint areas, such as window sills. This increases the chances of picking up the signal from the pet beacon outside. Other wireless devices, such as NFC will require 2 directional high power antennas, separate from the UI device.
[bookmark: _Toc516082435]Availability from distributors
A quite important decision on the Bluetooth LE module selection is ultimately dependant on the availability from UK distributors. It is desirable to select a product within the UK, from a distributor that sells a large quantity of for these reasons; 
· Products outside the UK incurs import charges
· Frequency allocation limitations may differ with products outside the E.U.
· Small production devices may still have ‘teething issues’ i.e. still in their beta stage of release
[bookmark: _Toc516082436]RF Licensing
As Bluetooth LE operates within the ISM (Industrial Scientific & Medical) band, RF licensing is exempt. However, in a document published by David Clark MEng, provides the limitations of the transmitting power. In the table below, Figure 12 [23] shows that the maximum permissible transmit power is to be under 100mW for Europe.
[image: ]


[23]
[bookmark: _Toc515816608]Figure 12



[bookmark: _Toc516082437]Section 3
[bookmark: _Toc516082438]Project Planning
[bookmark: _Toc516082439]Log Book
A log book will be kept & filled out as a daily entry in a diary format. This is done to keep important notes & information on the development stages. Thoughts and recommendations from myself and the project supervisor is also logged in order to keep a history as to why certain decisions are made.
Scribblings and sketches are also recorded into the log book in an unformal format. It is purely an aid and memoir for recalling important ideas, findings or settings for this main write up.
It is filled out on a daily basis, covering every activity, process or research findings. 

[bookmark: _Toc516082440][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180531_101105.jpg][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180124_220752.jpg]





[bookmark: _Toc516082442][bookmark: _Toc515816609]Figure 13


[bookmark: _Toc516082441][bookmark: _Toc515816610]Figure 14



Figures 13 & 14, above left & right, photos of the log book & notes from the findings of the near & far field regions of the RN4020 BLE module.
The log book has proven useful during the research on this paper, as critical settings for the Bluetooth RN4020 has been referred to many of times, especially when settings have been lost.
[bookmark: _Toc516082443]Milestones
[bookmark: _Toc516082444]Gantt chart
A Gantt chart is constructed in accordance to a development type project. A minimum of two is required, a prediction timescale at the early stages and an amended one towards the completion of the project. This will compare the two timescales and show what delays or early completion occurred. In this project, several amended Gantt charts will be shown, as; V1.0, V4.0 & V6.0 format to show the phase changes of the timescale.
Figures 15 & 16, below is the predicted Gantt chart planner.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gantt Chart Table Start V1.0.PNG]

[bookmark: _Toc515816614]Figure 15






Figure 15

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gantt Chart Start V1.0.PNG]





Figure 16
[bookmark: _Toc515816616]Figure 16

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gantt Chart Middle V4.0.PNG]Figures 17 & 18 below is V4.0[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gantt Chart Middle V4.0 Edited.PNG]

Figure 18
[bookmark: _Toc515816613]Figure 17

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gant Table Final V6.0.PNG]Figures 19 & 20 below is V6.0, the Final Gantt Chart











Figure 19

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Gantt Chart Final V6.0.PNG]









Figure 20

It was decided to keep multiple versions of the Gantt Charts. There are 6 in total, to which, each version, i.e. V1.0, V2.0 etc. was saved when major changes or additions in milestones were made. As you can see, comparing V1.0 to V6.0 is hugely different. This was due to unforeseen targets added. This is a typical scenario when undertaking a development type of research, as different directions can arise, for example, a particular study concludes that it is not suitable for this application; therefore another direction in a different technology is undertaken.
In the case of comparing V1.0 (Projected) and V6.0 (Completed) it is vastly different as there are milestones that are added. For example, the Log book & compile materials list were added as a non-essential addition for the benefit of the researcher of this paper & to support the evidence of its findings.
From Version 4.0 onwards Figures 17 & 18, an addition to the Gantt chart was created, this is the colour coded completion status. A small addition of that, but was done as a visual aid to quickly show at a glance what needs to be completed, undergoing and completed using the ‘traffic light’ colour code system.













[bookmark: _Toc516082445][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Purchase list Final.PNG]Cost Management
A procurement list is produced to manage the expenses & keep a record of every component used throughout the build stage. The component/ device are tabulated, along with the unit cost, stock No., date purchased & supplier.
A final cost will be derived at the completion of the build to show the total cost of the prototype.[bookmark: _Toc515816617]Figure 18

The procurement spreadsheet coincides with the component selection. All components needed for the fabrication of the device is sourced from the lowest list price available from suppliers on the internet. Any other Misc. components, such as fasteners, fixings, solder or any other small items and consumables are sourced in house by QinetiQ Electronic Workshops to keep costs down.






[bookmark: _Toc516082446]Section 4
[bookmark: _Toc516082447]Design Methodology
The construction of the device will be a prototype fabrication. Therefore, as an example, the circuit board will be of the stripboard type to save time and cost on professionally producing PCB type layout
The device will be housed in a polycarbonate box, as this will make fabrication easier for cutting & installing the components. The Bluetooth LE antenna will need to be exposed in order to maintain adequate communication. Swordfish BLE2
‘C0C4’ -45dBm 1
CAT OUT
Log in
Log out
Disp Reg
Reset/ Clr

Figure 22 Shown above is the prototype design of the Swordfish BLE2 device. It’s UI (User Interface) is laid out to a minimalist degree, so that it is easy to understand and use. The UI features;[bookmark: _Toc515816618]Figure 19

· Log in button, defeats the pet outside alarm
· Log in button, defeats the pet inside alarm
· Display Register button, displays the In/ Out status of each tag/ pet
· Reset/ Clear button, resets device & clears all tag log status
· Red LED & Buzzer, visual & audible alarm for pet outside
· Green LED & Buzzer, visual & audible alarm for pet inside 
The device will have a 3-position on/ off switch as there will be an on board battery pack, as well as a D.C. mains jack. So the switch position will be: 9V – Off – D.C. Mains. The purpose of this is so that the user can switch to the on board battery for room-to-room search for their pet.
The screen will be a minimum of a 16 character by 4 line LCD Monochrome LED backlit display. This was decided based upon the dimensions of the polycarbonate box (150mm x 80mm) & the required characters to display. To which 2 BLE beacons will need to be displayed at one time, plus the in & out status. Therefore 2 lines per tag is needed.
[bookmark: _Toc516082448]Foreseen Issues
There are pre-determined issues that are apparent when dealing with wireless communications and pets, which are as follows;
· Cats can be unpredictable at times
· Proximity threshold varies with house layout & environment
· Battery life of BLE beacon
· Premature triggering of alarm
Cats behaviours with human interactions can be unpredictable at times, being that a common scenario to where the cat wishes to enter the property, but upon the opening of the front door, the cat would simply sit there and hesitate. Same goes for leaving the property, in that the cat exits and observations of them show that the felines would wait around by the properties entrance/ exit before it decides to vacate. This is a problem when using a proximity alarm, as different felines behave in a different manner, and premature triggering of the alarm might become apparent.
Every home is different in its layout, either the build of construction, physical obstacles and entrance/ exit designs. As the BLE receiver is meant for short distance transmission, the threshold of dBm will differ from home to home. Further tests will be undertaken to determine the ideal position of the receiver, and maximum wall or door thickness that this system will be effective for.
Even though the system is based upon Bluetooth Low Energy, the operating voltages are typically 3.3V using a coin cell battery. Further tests will be carried out to determine the endurance of the battery life of the BLE beacons.
As mentioned in the pet’s behaviour paragraph above, premature alarm triggering can also occur when the pet enters the household and vacates to another room in the home. Further tests will be carried out with signal strength readings taken in every room of a typical 2-bedroom house to determine the minimum threshold for when the pet is inside the house and the cats beacon is logged in.

[bookmark: _Toc516082449]User Requirements
The device must adhere to certain functions in order to fulfil its intended purpose for this major project. The most basic function of this is to trigger an audible alarm or chime when the wireless beacon comes within close proximity to the static receiver, and this principle is defined by the RSSI.
The system functions for the user requirements are broken down as follows;
I. Proximity alarm
II. Electronic register
III. ‘Beacon finder’

[bookmark: _Toc516082450]I. Proximity Alarm
The sole purpose of this function is to alert the homeowner/ pet owner when the feline is in close proximity of the properties entrance or exit. This is only plausible when the receiver is placed inside the house as close to the door as possible*. This function is achievable by using the principle of measuring the received signal strength (RSS) from the beacon that is attached to the pet’s collar. When the received signal reaches a set threshold, measured in dBm, the microcontroller will activate an audible chime or alarm. In future tests, the testing will denote the RSSI which will directly relate to distance, with factors taken into consideration, such as weather data, the material that the signal is blocked by/ passes through. This further testing will be covered in the forthcoming section in this paper under ‘Wireless testing/ Data gathering’.  *As every entrance layout is different for every home, the receiver/ alarm will have to be placed in a strategic position dependant on available space to position so that there are as minimum obstacles between the Bluetooth receiver & front/ rear exit of the property.

[bookmark: _Toc516082451]II. Electronic Register
The electronic register function is an option programmed into the microcontroller to keep a live attendance register of the beacon ID tags. The principle is to have a user interface, which will consist of a monochrome LCD display, character length and number of rows to be decided in ‘Components Selection’ section of this paper. The user interface will include a momentary push button to scroll through the register list.
The identification for each tag will be unique to the pet, transferring the pets name into the register will require the programming in ‘C’ language that will assign the name to the stored tags within the microcontrollers register memory*. 
*Some research and testing at the programming stage will define if this is possible, otherwise, a set list of tag ID names will be set by default.
The purpose of this feature is the scenario that the pet owner wishes to either vacate the property or retire for the night, and doesn’t wish for the pet to be left outside for safety & wellbeing reasons, or to check if all pets are within the household. This feature is an additional ‘add on’ for the projects main intention.

[bookmark: _Toc516082452]III. Beacon Finder
Another feature that the system will propose to undertake will be to act as a beacon homing device. Again, this theory will work off the RSSI basis, in that the device will constantly measure the signal strength of the beacon tag and display the live readings on the LCD user interface. The readings will be displayed in real time, updating at a defined interval that will be tested & specified in the programming stage. The readings will be displayed conventionally numerally in dBm.

[bookmark: _Toc516082453]Operational Flowchart
The operation of the entry/ exit logical procedure is constructed into an operational flow chart. It is in a format to that a user can follow the operational path of this, but is still applicable to how the PIC Microcontroller will operate and respond to an entry/ exit request by the pet. Attached in Appendix [1] are the two parts of the flow chart, entry & exit methods respectively, to which is constructed on ‘YEd’.
*The operational flowchart is attached as Appendix [1] to this document.

[bookmark: _Toc516082454]Component Selection
[bookmark: _Toc516082455]Wireless Technology Selection
The wireless system will take advantage of currently existing technology available on the market. The decision on the wireless technology method will be determined based on the following factors;
- Cost Vs performance
- Power consumption
- Tx output power
- Range
- Adaptability/ Ease of use/ Connectivity
- Legal Usage
- Size
The main basis of selecting the appropriate wireless transceiver module will be determined by the interface connectivity to the Microchip MCU. As the microcontroller’s data spec is to be calculated by the number of I/O pins, program memory & RAM requirements, the model of MCU will determine what interfaces we can only use for the Bluetooth transceiver, such as UART, I²C or SPI.

Bluetooth LE (Low Energy)
Bluetooth LE (Low Energy) is selected due to the low cost Vs performance as it’s used in vast amounts of consumer & industrial electrical products. Browsing on UK consumer market places such as Amazon, eBay & other electronics  online shops advertise cheap Bluetooth beacons as little as £2 with free shipping from China [24].
Bluetooth is also ideal for this application as it operates on the 2.4 – 2.4835GHz band, known as the ISM (Industrial, Scientific & Medical) band, and therefore is exempt from RF broadcast licencing. There is however, a caveat, and it is that a large majority of wireless communication devices also operate within this RF band, and as a result, cross-interference is apparent. But the Bluetooth LE 4.1 uses Frequency Hopping Spread Spectrum (FHSS) modulation technique to counter-act this interference.
For the beacons intended purposes, it is not required to get the maximum range from a Bluetooth LE beacon, as it is only intention is to be used as a proximity trigger. In terms of distances, the required max distance for outside use is within 5 meters from the beacon to the Microchip’s RN4020 receiver. The other function is to find the Bluetooth LE beacon within the home, and as the UI device is portable, there is an in-built 9v PP3 type battery compartment as well as the D.C. jack input mains adapter power connection. The proposed idea is that in order to find the beacon within the home, the user would carry the UI device with them and scan in each room.
The costly component to the proposed system is the Bluetooth LE receiver. The Microchip RN4020 Bluetooth LE module is chosen for its simplicity and compatibility with the selected PIC Microcontroller. The MikroBus BLE2 Click board with Microchip’s RN4020 Bluetooth LE Tx/Rx module is purchased at a cost of £22.29 from RS components.
Microchip PIC Selection
A PIC (Peripheral Interface Controller), or Microcontroller is chosen as the system control device. This type of IC (Integrated Circuit) chip will be employed due to the fact that the system requires numeral signal strength to be constantly read & a register to be kept of each Bluetooth LE tag.
The PIC Microcontroller, by Microchip© model is specified by these parameters and availability, to both the marketplace and within the Proteus VSM (Virtual Stream Mapping) software;
Required I/O pins
Program Memory size
CPU Clock Speed
RAM (Random Access Memory)
UART/RS232 connectivity
Required I/O pins
· 1x Power (Vdd)
· 1x Ground (Vss)
· 4x Digital Input Buttons
· 2x RS232 (Tx/Rx)
· 2x Digital Alarm out
· 7x Input/ Output LCD *(Based upon 16x4 Character LCD Display)
Total = 17 Pins + 20% (20 Pins)
Required Program Memory Size
It is estimated that the program memory size is a minimum of 7 Kbytes based on expert advice & experience by the project supervisor. As a safeguard, this will be doubled to cater for any additional programming that may be unforeseen.
Total Program Memory Size = (7Kbytes x 2) = 14Kbytes
Required CPU Clock Speed
The Clock speed is not detrimental to scanning of the Bluetooth scanning, as it’s the Baud rate connectivity over the RS232/ UART that governs this. A minimum specification of 8MHz is suitable for this application, as all Mid-range PIC’s feature this clock speed as standard.
Total CPU Clock Speed = 8MHz (Minimum)
Required RAM (Random Access Memory)
The RAM required for this device is minimal due to the fact that the PIC is required only to store the devices MAC address & RSS (Received Signal Strength) value. As a minimum, advice taken from supervised experience, 128 bytes is the minimum requirement.
Total RAM = 128 bytes (Minimum)
Required RS232/UART connectivity
The selected PIC Microcontroller must cater for a minimum of 2 RS232/ UART digital I/O pins to communicate with the Bluetooth LE receiver module.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PIC16F886 Selection.png]Total RS232/ UART = 2 Digital
Using Microchips© online parametric search: http://www.microchip.com/ParamChartSearch/Chart.aspx?branchID=30048
The minimum specification as listed above is entered into the parametric search to narrow down the suitable model that is required. Figure 23
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PIC selection 1.PNG][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PIC selection 2.PNG][bookmark: _Toc515816620]Figure 20
[bookmark: _Toc515816621]Figure 21
[bookmark: _Toc515816619]Figure 22


The PIC16F886 was chosen based on the specifications entered into the parametric search, availability on the market & Proteus 8.7 VSM software. The specification of the PIC16F886 exceeds the minimum requirements for this application.
[image: ]LCD Display Selection
A 16x4 LCD Monochrome Character display is chosen based on the required characters to display. For this research, two Bluetooth LE tags will be used, therefore, two lines per tag is needed; one for the tags ID & RSS and one line for the in & out status. Simple plain next is only required as only alphabetical & numeral values will be displayed. The LCD display will also need to be backlit. The Powertip PC1604A-P3, Figure 26, is chosen due to its low cost & availability.[bookmark: _Toc515816622]Figure 23


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\VN10K Mosfet.PNG]VN10K N-Channel MOSFET
A MOSFET (Metal Oxide Semi-Conductor Field Effect Transistor) will be used in the circuit in order to send 5v direct to the alarm buzzers & LED’s. This is because the PIC Microcontroller can only provide a very low current TTL or ground to turn external components on or off. As the combined current of the LED & the buzzer will exceed the PIC’s supply spec. An external ‘FET’ (Field Effect Transistor) is needed. The VN10K N-Channel MOSFET Figure 27 is chosen due to availability & its generous voltage & current supply ratings.[bookmark: _Toc515816623]Figure 24






[bookmark: _Toc516082456]Background to Bluetooth & Low Energy (LE)
Bluetooth was founded back in 1994 by telecommunications giant Ericsson as a way to rid the wired RS-232 connections that the instrument equipment used. Other companies such as Intel & Nokia saw this idea but wanted to incorporate it in order to communicate mobile phones & computers. But as there were different companies, such as Ericsson, Intel & Nokia producing their own communication products, they all wanted a universal way to communicate different manufacturers via a standard RF protocol; this standardisation of RF communication gave birth to the SIG (Special Interest Group) [25]. 
Today, Bluetooth has expanded exponentially in the amount of devices that it is used upon. Not only is Bluetooth used to transfer data from a mobile phone to a PC, but it’s now used in devices such as wireless headphones & speakers for media, automation & control, such as controlling appliances and operating remote control toys. It Is now in today’s climate being implemented into manufacture industry for production lines, Bluetooth tags are attached to components or automated robot dolly’s to keep track of the movement of materials & components.
[bookmark: _Toc516082457]CE Marking
As the BLE tags are manufactured in China & sold within the EU single market, the device must meet the CE (Conformité Européene) requirements. CE marking, for electrical items, applies to electrical devices from 75-1500v D.C., called the LVD (Low-voltage Directive). However, electrical items that communicate over the radio waves drop this lower boundary to 0v. A new directive governs this; called RED (Radio Equipment Directive) (2014/53/EU). The RED requirements, in the case of Bluetooth LE tags, define that all safety measures must be put in place by the manufacturer to ensure there are no electrical discharges to the user or other equipment. The manufacturer is also to undertake a risk assessment in CE marking for their product. As the Bluetooth LE beacon & receiver used in this research operates on 3.3v, there is no significant electrical discharge hazard to the user [26].







[bookmark: _Toc516082458][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Garden.PNG]Wireless Testing/ Data Gathering
· [bookmark: _Toc516082459]iTAG & Smartphone Testing
The first initial testing is carried out on the Bluetooth LE iTAG. The data that will read the signal strength off the BLE tag is carried out using a free Android App to specifically measure Bluetooth signal strength. The purpose of this data gathering is to plot a graphical representation of the dBm level Vs distance, so that in the later stages of programming of the PIC Microcontroller, a suitable threshold can be set in the programming.
On the first stage of testing, the BLE tag is placed on top of a box to roughly mimic the height of a cat in its walking stance, measuring a 3 year old male cat from floor to neck height is 0.27m, and the box measures 0.24m. The Android App that is first used is ‘Bluetooth Signal Meter’. The test carried out is conducted in a rear residential garden with a max boundary distance of 23m from the properties rear door to the boundary fence, shown right in Figure 28.[bookmark: _Toc515816624]Figure 25

The device is a smartphone with Bluetooth 4.2 enabled [27]. The smartphone is to take the readings from a fixed position inside the property, approximately 0.6m from the inside of the uPVC door and 0.9m off the ground. These distances are chosen as it was the most convenient position for the layout.
The Bluetooth LE tag will be placed on top of the 0.24m tall box and readings taken at every 1m Figure 30, interval until the connection is lost between the tag and smartphone. The tag is placed against a pre-laid out fabric tape measure along the ground in a straight line.
The collection of the first set of outside Bluetooth tag data is tabulated into an Excel spreadsheet, with distance Vs signal strength in dBm. A signal reference test is firstly carried out by placing the BLE tag next to the smartphone to get a baseline reading.[bookmark: _Toc515816626]Figure 26
[bookmark: _Toc515816627]Figure 27
[bookmark: _Toc515816625]Figure 28



The Bluetooth Signal Meter App displays the received power back from the tag with a live display in the logarithmic unit of dBm, once the readings stabilize; a measurement is taken at that given distance and recorded into the spreadsheet. 
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Data 1.PNG]The results collected from the experiment, shown here in Figure 32, is that the trend of the distance versus signal strength is not a completely linear pattern, in that there are noticeable peaks and troths. Further investigation is needed in this matter and further tweaks in the data collection method needs to be established.
The first modification to the test set-up is how the Bluetooth LE tag is mounted. In the first test, the tag was placed on top of a box, and as the radio signal is transmitted in an isotropic pattern, reflections and multi-pathing will occur. Another change to the test set-up is to the increment of the distance measured. Now additional measurements are to be taken ±0.1m either side of the metre interval, this is to overcome the signal wave propagation. Pictured here in Figure 33, is the apparatus that the Bluetooth LE tag is mounted, so simulate the position it would be in when worn on the feline.[bookmark: _Toc515816628]Figure 29

Other adjustments are made is to the smartphone. A different App is used, ‘Sentinel’ which gives a clearer reading and less prone to ‘drop out’ compared to others tested. The smartphone is now positioned on the inside of the double glazed window, ~0.5m away from the uPVC door. All other radio communications are disabled on the smartphone; this includes Wi-Fi and the GPRS antennas. This greatly reduced the fluctuations of the Bluetooth signal readings and gave a more consistent reading for the results.[bookmark: _Toc515816629]Figure 30

The results for the 2nd test are graphically shown in Figure 34, at first glance, the trend line appears to follow a more linear path, but again, there are noticeable ‘peaks’ and ‘troths’ in the data trend.
In order for the proximity function to work, a strong and close signal from the Bluetooth LE tag is needed for reliable attendance of the feline. Therefore, further testing is needed for close in measurements.[bookmark: _Toc515816630]Figure 31














[bookmark: _Toc516082460]Indoor Signal Strength Results
[image: C:\Users\cmbudden\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\BLE Test 1 Indoors.PNG][image: C:\Users\cmbudden\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\BLE Test 2 Indoors.PNG]Indoor Test 2
Indoor Test 1

[bookmark: _Toc515816632]Figure 32
[bookmark: _Toc515816631]Figure 33

The indoor tests were conducted from room to room using the smartphone ‘Sentinel’ app. The smartphone was placed by the front door on a windowsill, labelled as: ‘Tx/Rx’ Figure 37 below. The first set of readings, denoted in the [-ηdBm] format is the first set of results taken to where all Wi-Fi & GPRS data connectivity is enabled in the area.
[image: C:\Users\cmbudden\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\RSSI Indoors Upstairs.png]Test results No. 2 are denoted as {-ηdBm} brackets. These second set of results is where all Wi-Fi & GPRS smartphone connectivity is turned off. The smartphone’s protective case was also removed to give more of a true reading. Figure 38, above are the results from the ground floor level, including the readings taken from outside the front of the property. As you can see from Figures 37 & 38 above, turning off all Wi-Fi & GPRS data connectivity, as well as removing the smartphones protective case gave a slightly stronger signal level in the rooms further away from the smartphones signal level device. [bookmark: _Toc515816633]Figure 34

[image: C:\Users\cmbudden\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\RSSI Indoors Downstairs.png]These results will be used as baseline readings to trigger the system when the pet wishes to exit the property.[bookmark: _Toc515816634]Figure 35









Section 5
[bookmark: _Toc516082462]Bluetooth LE Beacon Tags

The Bluetooth LE iTAG uses a Beken BK3431 IC chip as its transceiver, baseband & microprocessor. The specification of this chip is;
Processor: ARM968 
Tx Power: 0dBm output power (16mA Consumption) & +4dBm output power (18mA Consumption)
Tx Sensitivity: -89dBm at 1Mbps data rate and +4dBm Tx power
Operation voltage: 1.8V to 3.6V *Appendix [2][bookmark: _Toc515816635]Figure 36

The iTAG was modified by removing the alarm buzzer, circled yellow in Figure 39, for two reasons; firstly to decommission the out of range alarm feature that the iTAG is marketed to do for consumer use and secondly, to save power consumption.
[bookmark: _Toc516082463]iTAG BLE Beacon Issues
The iTAG beacon was purchased from a local petrol station and advertised as a personal belongings ‘Tracking tag’. This advertisement of the product is technically speaking, misleading as it cannot provide actual tracking capability, as the term ‘tracking’ in wireless communications is the ability to provide location information or data of an object that is being tracked. As previously discussed in Section 2; Literature Review, Bluetooth LE cannot send data containing its precise position, this has to be derived from trilateration using two or more devices. The other misleading advertisement of this product is the term ‘GPS’ (Global Positioning System) used in the products title. This is also a false statement as the device only operates on the ISM (Industrial Scientific Medical) frequency band of 2.400-2.483GHz, to which only connects to Bluetooth devices.
The BLE beacons only sends out information about its MAC address & signal strength from the transmitter. From this information, the iTAG beacon can only provide a service to say ‘I am here’ but to where precisely be another matter.
During testing of the BLE iTAG, there is an issue where the iTAG ceases to transmit after approximately 20 minutes from on time. Ruling out the power supply suspect to this issue, the iTAG was then wired directly to a dedicated 3.3V power supply from the development breadboard.
Footage of the iTAG transmit time was then recorded using a portable GoPro style action camera & several tests were conducted using the 3.3V breadboard power supply & using the 2032 coin cell battery, to which new 2032 batteries were purchased & the voltages read directly out of the packaging. This timeout issue is programmed into the Beken BK3431 Bluetooth chip & further investigation is needed to re-program the chip to transmit continuously until power off. For the proving of this projects concept, the 20 minute window will suffice for this development stage. This is a feature is provided for consumers that may forget that the iTAG is on & transmitting, resulting in a flat battery.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\ibeacon.PNG]It was decided that an additional Bluetooth LE beacon is to be purchased based on RF Tx max power. The iTAG outputs a maximum of 4dBm, which converts to 2.5mW. An additional BLE beacon was purchased from eBay marketplace as a bare PCB BLE RF module without the protective case. It features an external PCB antenna and a better receiver sensitivity of -94dBm. This BLE beacon module features the Texas Instruments CC2541 IC BLE chip. This Bluetooth tag does however; transmit continuously until the battery is removed, as there is no power on/ off button. For the programming of the PIC & proximity testing in the later stages of the project, both iTAG & the PCB BLE tag will be used to compare the performance of the two & as a result, the appropriate one will be implemented for further use of the system set-up.[bookmark: _Toc515816636]Figure 37




[bookmark: _Toc516082464]Near & Far Field (Fresnel & Fraunhofer Region)
In a propagating electromagnetic wave, there are two phenomenon’s called the near-field region (Fresnel diffraction) & far-field (Fraunhofer diffraction). As the propagating electromagnetic wave is covering more distance, the power decreases proportionally to the distance, this is known as the inverse-square law, expressed below;

								[28]
[bookmark: _Toc516082465]Reactive Near field
In the near field region, the electric & magnetic fields (E & H) are out of phase by 90° [29], but in the far field region, they are orthogonal to each other. This is due to the transmitted signal being absorbed back into the transmitter, causing an increased load.

To where;
I  = Intensity at surface of sphere
S = Intensity at the emitting source
r  = Distance away from radiating source


To calculate the near & far field distances, the Fresnel & near field equations are used; 
Fresnel Equation;

										[30]
Near Field Equation;

										[31]
In the terms of the Bluetooth receiver, these regions are to be calculated in order to determine the distance boundaries that the RN4020 can effectively transmit and receive in. Ideally, the Bluetooth beacons do not want to be transmitting inside the Fresnel or reactive near field region, as the induced RF propagation to the RN4020 receiver would not give true readings of the signal level that the Bluetooth tags transmit back to this. Thus the calculations of the reactive near field (Fresnel) & the radiating far field (Fraunhofer) regions are to be made for the Microchip RN4020 module.
The calculation requires a few components to be measured first, and the most important is the dimension of the RN4020 antenna, this can be either the length or the width of this. Secondly, the wavelength of the transmitted wave calculated in metres. 
As Bluetooth operates from 2.4000GHz to 2.4830 GHz, 2.4GHz is used as the variation in frequency hopping does not have a great effect of the Near & Far field region distances. This is calculated using the wavelength equation: 

Where;									[32]
 = Wavelength (m)
= Speed of light ()
 = Frequency (Hz)



The RN4020 antenna is then measured using a steel ruler as a scale placed next to the antenna, Figure 42. The ruler increments are 0.5mm in intervals. Then using a 3-9x magnification (RS Stock. 528-5307) and a camera, a picture is taken of the magnified antenna & scale ruler to accurately measure its length.
[bookmark: _Toc515816638]Figure 38
[bookmark: _Toc515816637]Figure 39








The image is then uploaded into a PC with a high definition screen. The ratio is then carried out to calculate the scaling factor of the 0.5mm increments of the ruler on the PC screen. This is a more accurate way of measuring a small object with conventional tools, as the already magnified photo is then further enlarged on the PC screen, giving better accuracy.
The sections of antenna lengths are then measured and recorded in the Project Log Book. Three lengths are added up from the antenna dimension image above in Figure 41, which are as follows;
· Point A to C (Excluding B)	=	46.6mm
· Point B to C (Excluding A)	=	42.2mm
· Points A+B to C			=	55.6mm

[image: C:\Users\cmbudden\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\antenna_near_and_far_fields.png]For the Fresnel & Fraunhofer regions, the longest antenna measurement of 55.6mm is to be used. 



											[33][bookmark: _Toc515816639]Figure 40

The image above, Figure 43, is the illustration to calculate the reactive near field & radiative near field (Fresnel region). The distance after the Fresnel region is defined as the Fraunhofer diffraction region, to where the propagating wave is independent of the antenna [34] [35]. The calculations are based on the 55.6mm total antenna length & 2.4GHz ISM band transmitting frequency, which the wavelength is calculated as;



The near field region is calculated as follows;





And the Fresnel region;



Where; 
 = Antenna dimension (Length or width)
 = Wavelength

From these calculations, we can determine that the reactive near field distance boundary is 22.9mm from the antenna. This basically means that any reflective object within that distance will reflect the transmitted wave at such a close distance, that it creates a load on the receiver, because the electric & magnetic components are out of phase by 90° in this region as the propagating wave hasn’t had the chance to settle.
The Fresnel region, also known as the radiating near field, is the distance from the antenna to where the propagating wave starts to form it radiating pattern. For transmitting and receiving, this region must also be avoided for transmitting and receiving in as the shape of the pattern will vary with distance [36].
The radiating far field is the maximum boundary distance that the transmitting wave can effectively operate in with sensible received transmissions. Here the propagating wave pattern does not change, and the inverse square law takes effect, in that the power decreases to the proportion of the distance covered.
As these distances of 22.9mm for the reactive near field & 49.5mm for the radiative near field are negligible, for the application of the proximity detection, the pet is almost certainly going to be at a distance away from the RN4020 antenna further than what is calculated above.



[bookmark: _Toc516082466]Power Density
The propagating radio wave in the electro-magnetic spectrum travels through the medium (air) in an isotropic manner, i.e. uniformly in all directions. The power density is the amount of transmitted power per square metre, and is calculated as;


								[37]
Where;
 = Power Density (W/m²)
 = Transmitted Power (W)
 = Range from Antenna (Radius of Sphere)
As the further away the EM wave gets, the power decreases proportional to the increase in distance as spoken about in the introduction to this section. As the power density is the amount of power over an area, increasing the distance from the transmitting source spreads this power density out as the EM wave propagates in an isotropic manner.
For example, the Microchip RN4020 BLE module transmits a gain of +7.5dBm, converting this to Watts:



Moving out to approximately 1m from the radiating source:


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Power Density Graph for RN4020 +7.5dBm Vs -2.5dBm.PNG][bookmark: _Toc515816640]Figure 41

Figure 44(above) is the graphical plot of the Power Density for the Microchip RN4020 BLE module, comparing the transmitting Gains of +7.5dBm, (5.623mW) & -2.5dBm, (0.5623mW) Tx power. As you can see, at approximately 5m the power density is 17.9nW/m² for +7.5dBm Gain, whereas -2.5dBm Gain is 1.79nW/m². At this distance, the power density for the -2.5dBm Tx Gain is a factor of 10 less. The most significant factor here is the power density at the close in range of 1m. As mentioned above, the power density for +7.5dBm Gain is 0.447mW/m², but 0.0447mW/m² for -2.5dBm. Again a factor of 10 less, but at such a close in distance, this is a tremendous decrease in power density.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\RF Power Density 2.PNG]
Visually, power density & its relation to the inverse square law are shown here in Figure 45 [38]. As the EM wave increments  away from the transmitter, the power is spread spherically.[bookmark: _Toc515816641]Figure 42




[bookmark: _Toc516082467]Bluetooth LE FHSS Spectrum Analyser Testing
A Spectrum Analyser was used to capture and analyse the Bluetooth LE beacon tag operating in the ISM (Industrial Scientific & Medical) frequency band, 2.4000GHz to 2.4835GHz. As we know that Bluetooth LE uses FHSS (Frequency Hopped Spread Spectrum) as its modulation technique, a multiple access method used as part of CDMA (Code Division Multiple Access), capture of the Spectrum Analyser live recording is undertaken to observe the Bluetooth beacons behaviour in the ISM frequency band.
As the ISM band is an unlicensed wireless operating band, almost all consumer wireless devices use this frequency band for two fundamental reasons; no licencing conformity & the basis of a common wireless connectivity method. This has its advantages and disadvantages, to which will be explained.
The best analogy that FHSS & CDMA can be described is that; imagine a round table with many people that aren’t sitting adjacent to each other, having conversation in pairs, the cross-talk would be extremely high, as we are to assume that everyone is talking in the same language. Now imagine that each pair is talking in their own language, and talking at a timeslot that is pseudo-random, known by the transmitter & receiver [39]. This is what CDMA is in Layman’s term. But assuming that all conversations are at the same speech levels, otherwise, varying ‘noise’ levels become a ‘shouting match’ rendering the information we want to hear undiscoverable.[bookmark: _Toc515816642]Figure 43

With frequency hopping, the narrow band signal is multiplexed and spread over the ISM band, but the channel & time slot that it will transmit at is known to both the transmitter and receiver. A technique implemented for the military in the early 1990’s by Qualcomm. This is the pseudo-random number (PN) code [40].
A Spectrum Analyser, Spectran HF-60105 Figure 46, & PC software, MCS Realtime Spectrum analyser, both produced by AAronia AG , is used throughout the forthcoming tests. The data is captured on the MCS Realtime program using the following parameters;
· 2.40-2.48GHz (80MHz Span)
· Full range bandwidth filter
· 1mS sample time
· 500 samples resolution
During the first baseline test, all ISM band devices within the vicinity are powered off, this includes Wi-Fi routers & devices & Bluetooth enabled devices.  4 recordings are to be taken in this sequence;
· All Wireless devices operating within the ISM band powered off
· iTAG BLE beacon only turned on
· ibeacon BLE beacon only turned on
· All ISM devices switched on, Wi-Fi, Smartphone, iTAG & ibeacon
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Spectran HF-60105 BLE Tag Recordings\iTAG\iTAG Off Background 2.PNG] Firstly, a baseline recording is then taken to record the background channels transmitting at that instance.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Spectran HF-60105 BLE Tag Recordings\iTAG\iTAG Playback from MCS.PNG]Figure 47, (above) shows the background transmissions at 2.421GHz at -66dBm. [bookmark: _Toc515816643]Figure 44

[bookmark: _Toc515816644]Figure 45

Figure 48, (above) is the live capture of the iTAG Bluetooth tag, the strongest signal being -45dBm at 2.444GHz. The iTAG is placed besides the spectrum analysers’ antenna.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Spectran HF-60105 BLE Tag Recordings\ibeacon-2032 PCB\ibeacon Close.PNG][bookmark: _Toc515816645]Figure 46

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Spectran HF-60105 BLE Tag Recordings\All ISM on 2.PNG]Figure 49, (above) is the live data capture from the ibeacon (PCB BLE tag), a maximum hold waveform is enabled to show the historic scan samples. The frequency hopping across the ISM band is clearly visible.
Figure 50, (above) For comparison is all the ISM traffic within the vicinity, that being both BLE beacons transmitting (iTAG & ibeacon), Sky Wi-Fi & smartphone streaming video data. As you can see, it is very hard to distinguish the transmitting device that we are interested in.[bookmark: _Toc515816646]Figure 47

As shown in the live scan captures, the more devices transmitting in the area at the same instance directly affects the ease of discoverability of a particular device to ‘eaves drop’ in on. The purpose of this is to intentionally hide the transmission data between two devices by burying it within the noise, noise being other transmitting channels that we are not interested in, this was the intention when FHSS was implemented for military use, so that the transmission link is harder to ‘jam’. The other thing to consider is that when the transmitter sends its “chip”, chip being the digital data which is modulated by a higher rate of Pseudo-Random Number (PN) data [40], so when the pre-determined channel allocation will be used, any other devices that happen to coincide and transmit on the same channel that of our own devices for example, errors will occur. But this will only affect that “chip” that is transmitted, so the forthcoming data bits transmitted on the other pre-determined channels shouldn’t be affected by that of the other device that coincided with it.
[bookmark: _Toc516082468]PIC Receiver Microchip® RN4020
[image: F:\BEng Test Range Engineering\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Microchip BLE.PNG]Bluetooth Low Energy is chosen for the wireless methodology in ‘Wireless Technology Selection’ under ‘Component Selection’. The Microchip RN4020 BLE chip is selected due to the ease of compatibility with the PIC Microcontroller, as it supports UART Tx/Rx communication. It is compact in size, ease of set-up & reasonable Tx power of +7.5dBm (5.6mW).
[image: F:\BEng Test Range Engineering\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\RN4020 Dimensions.PNG]Initially, only the RN4020 BLE chip was procured as it was planned that PCB header pins was to be soldered onto the chip. But according to the data sheet, the spacing for the RN4020 solder pads are 1.2mm apart, but the Veroboard spacing’s are 0.1” or 2.54mm. To that, the MikroBus BLE2 Click target board is procured, this module incorporated an already pre-soldered Microchip RN4020 BLE chip onto this.[bookmark: _Toc515816647]Figure 48
[32]

The BLE2 Click RN4020 module is sold in a default configuration, to which will have to be configured to operate & communicate for the purpose of this project.
The Microchip RN4020 user guide is used to configure & set each parameter & features within the RN4020 chips Non-Volatile Memory (NVM)[bookmark: _Toc515816648]Figure 49 Appendix [3]
[32]

The default Baud rate of the RN4020 is set to 115200 Baud, which equates to 69.4uS per word transmission (8-bits / 115200 Baud). But the RN4020 module will later be set to 9600 Baud for Tx/Rx compatibility with the PIC Microcontroller, therefore, the Baud will be set to 9600 Baud, which is calculated as 8-bits / 9600 Baud = 833.3uS. 

Setting up the RN4020 BLE Module
The Microchip RN4020 MikroBus target board comes pre-configured. Referring to the data sheet, the default settings are as follows;[bookmark: _Toc515816649]Figure 50

Baud rate: 115200
Tx Power: -2.5dB
Parity: None
Flow Control: None
Data Bits: 8
Stop bits: 1
Features: 20000000[bookmark: _Toc515816650]Figure 51

The settings shall be configured in order to communicate with the PIC Microcontroller, maximise the transmission power, configure the device to act as a central role & disable UART flow control. Therefore, the configuration settings will be edited to;
Baud rate: 38400 for MLDP testing & 9600 (For Proteus PIC simulation) 
Tx Power: +7.5dBm
Features: 92000800 (Set device as central, support MLDP & enable) (MLDP: Microchip Low-energy Data Profile)[bookmark: _Toc515816651]Figure 52

Server Service: C0000000 (Support device info & battery as server)
The MikroBus RN4020 module is set up on a development breadboard with a breadboard mounted P.S.U. (Power supply unit). 3.3V & Ground are connected to the breadboard power rails respectively, Figures 53 & 55.
A PL2303HX USB to RS-232 (UART) Prolific cable, Figure 54, is procured & used in order to connect the Tx/Rx (Transmit/ Receive) data communication from the MikroBus RN4020 module to a laptop PC.	


The Prolific cable is connected to the RN4020 module as follows;
Prolific USB > UART		MikroBus RN4020	
Green – Tx			Rx
White – Rx			Tx
Black – Gnd			Gnd Rail Common
Red - +5V			Not Connected
3.3V is also supplied to ‘WAKE’ on the MikroBus RN4020 module to power up the device from sleep mode. The CMD (Command) pin on the RN4020 device is set to 3.3v (High) in order to establish MLDP (Microchip’s Low-Energy Data Profile) for the upcoming test.

A port terminal emulator program is then used to send commands from the PC terminal window to the RN4020 device via USB > UART cable. The program used is called ‘PuTTY’ which is a free to download software. Once the program is opened, the set up screen appears, to which the Baud rate, USB port, flow control & stop bits are configured. The Baud rate of 115200 is entered as this is the default Baud rate that the RN4020 is set to from the factory, flow control set to none & data bits 8.
In this first RN4020 data communication test, the command ‘D’ is entered, followed by the return key. ‘D’ for ‘Dump’ displays the configuration parameters for the RN4020 device. The PuTTY terminal displays the RN4020 parameter data as shown here in Figure 56.[bookmark: _Toc515816652]Figure 53

Referring to the RN4020 datasheet, the commands are entered to change its configuration settings, as  well as giving useful commands, for example, ‘+’ followed by ‘Enter’ turns on the ‘Echo’ for the characters entered. 
Once the device information is displayed using ‘D’ command; we can quickly identify the configuration settings of the RN4020 module. The parameters are changed here using the datasheets command characters, as described in the first paragraph of this section. For instance, the RN4020 modules name is changed to ‘CHRIS10E3’ by typing;  S - , chris. 10E3 is kept as the module needs to keep the last 2 alpha-numeric values, to which are the last data bits that are kept. The server service, features & Tx power are also amended to the values covered in the top of this section, and are entered as follows;
> S-,chris		// Rename RN4020 device to ‘chris’
> SS,92000800		// Set device as central, support MLDP & enable & Auto-advertise
> SR,C0000000		// Support device info & battery as server
> SB,3			// Set UART Baud rate to 38400
>SP,7			// Set power transmission level to +7.5dBm
>R,1			// Reboot device to save configuration changes & restart
Once the RN4020 is configured to the above settings & restarted, the PuTTY terminal window will display ‘Reboot’, which will save the amended changes to the configuration set-up, followed by ‘MLDP’ mode. The next stage is to download Microchip’s MLDP terminal application on a smartphone to send messages from the smartphone Bluetooth enabled device to the RN4020 BLE module and display the messages sent onto PuTTY terminal. This application is found on the Microchip’s website under RN4020 > Documents > MLDP Demo for Andriod as a .apk file.[bookmark: _Toc515816653]Figure 54

There are two ways to connect the smartphone to the RN4020, the first way is within the smartphone’s Bluetooth settings. As conventionally proceeded when connecting to Bluetooth devices, the RN4020 is selected. Prior to this, PuTTY terminal is already connected to the RN4020 BLE device. Once the RN4020 device is selected, the PuTTY terminal will automatically display a peer passcode that is to be entered into the dialogue box on the smartphone. The peer passcode constantly updates every 10 seconds. Once the correct passcode has been conveyed, both devices become ‘bonded’, which in terms is Microchip’s description of the more commonly known phrase as ‘paired’.[bookmark: _Toc515816654]Figure 55

The second way to connect each device is within the Microchip MLDP Demo application. Within the MLDP App, the RN4020 BLE module is selected, in this case ‘CHRIS10E3’ is selected, Figure 57, to establish the connection, once selected & connected, data can be transmitted and received from either the smartphone or PuTTY terminal, shown in Figures 57 & 58.

Once data can be transmitted & received from each device, the next problem to overcome is to scan & pick up device information from the BLE iTag which is attached to the pet collar.
Using the Microchip RN4020 user guide, the command to start scan is ‘F’ followed by ‘X’ to stop the scan. ‘X’ (Stop Scan) command must follow after the start scan function in order to update the list of nearby devices at that time.
Using the iTAG BLE beacon, to which is modified by removing the alarm buzzer, The RN4020 is sent commands ‘F’ & ‘X’ to start & stop scanning respectively for nearby BLE devices. Shown here in Figure 60, the terminal displays the echoed information back from the iTAG, which consists of the devices MAC address & RSSI (Received Signal Strength Indicator) displayed in Hexadecimal.[bookmark: _Toc515816655]Figure 56








[bookmark: _Toc515816656]Figure 57






Microchip RN4020 & BLE beacon’s proximity readings
Test Results 3
The outdoor signal level test is conducted again using the Microchip RN4020 BLE module. The readings are taken from PuTTY as described in the previous section, using ‘F’ & ‘X’ commands to start & stop scanning. The RSSI information received back from the iTAG beacon displayed in the PuTTY terminal is displayed after the beacon ID address at the end of the string. It is denoted in Hexadecimal value, to which it is converted to the decimal format in dBm using the programmer calculator within Windows for each reading. The RSSI for the beacon is -65dBm next to the BLE receiver for reference.[bookmark: _Toc515816657]Figure 58








The results above in Figure 61 are the results from the outdoor testing. Compared with the 1st & 2nd set of results taken from the Android App Bluetooth signal strength meter in ‘Wireless Testing/ Data Gathering’ section, the distance to which the signal is lost is much less as the signal is out of range after 3.1m. This is due to the LG Nexus 5X Android smartphone having a much more powerful Bluetooth transmitter chip, being 10mW [41] as opposed to 5.6mW at 7.5dBm on the Microchip RN4020 BLE module. [bookmark: _Toc515816658]Figure 59

The results shown above in Figure 62 is the graphical plot of the data collected in Figure 61. As we can see from the trend, the stability of the signal level is consistent, however, the maximum distance before the signal is lost is far less than that of the 1st & 2nd tests conducted using the LG Nexus smartphone & the RSSI application. There is a caveat however, in that there isn’t a requirement to achieve maximum distance for line of sight. 
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\BLE2 Indoor Results.PNG]
[bookmark: _Toc515816659]Figure 60

The indoor results shown above here in Figure 63 differ slightly from that of the indoor tests carried out in the 1st & 2nd set of results gathered.
Test Results 4
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\RN4020 Open Air 2.jpg]A 4th set of readings are then taken using the highest Tx gain of the RN4020 module, at +7.5dBm. In this data gathering, both BLE beacons will be measured in open air, i.e. no physical obstacles within the line of sight of the transmitter & receiver. The Proteus simulation is used to constantly send the ‘F’ & ‘X’ command to the RN4020 module to start & stop scan respectively, and same as in the previous test, the RSSI readings in the terminal window will display the Hexadecimal value of the beacons signal strength.
Figure 64, (Left) is the 4th test undertaken in the same location as the previous 3 tests. The distance is measured by slant range rather than ground distance.[bookmark: _Toc515816660]Figure 61

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\iTAG Vs iBeacon 1.PNG][bookmark: _Toc515816661]Figure 62


Figure 65, (above) is the scatter plot of both BLE beacon devices (iTAG & ibeacon). As carried out in the previous tests, the readings are taken -0.1m before, at and +0.1m after the metre increment, i.e. 0.9m, 1.0m & 1.1m. From this, the average is taken to mitigate propagation inconsistencies.
As you can see from the results shown above when compared to the results in Figure 62 (pp 40), in the prior test, the increase in Tx gain from -2.5dBm (0.56mW) to +7.5dBm (5.6mW) is 10x the power increase. It was decided that the extremity of the reading distance is limited to 10m, as the application of this is not to get a maximum range readings from the beacons.
Within 1m from the receiver, the signal strength is at its highest, and as we have learnt from the near & far field effects section, the far field region, to where the EM wave is independent from the transmitter is > 49.5mm, and going by the results shown above, the ideal distance ‘band’ for applying a proximity threshold is between 0.0495m & 3m, as a distinguishable trend line can be applied. Although, bear in mind that this is an open air reading & results will adversely be effected when physical objects are put in place within the line of sight of the transmitter (RN4020 module) & the BLE beacons.

Test Results 5
In this test, the RN4020 BLE2 module is placed indoors, behind approx. 30mm of double glazing. This test will compare the open air results against the common obstacle of glass. Keeping the test conditions the same, all other non-essential Wi-Fi, Bluetooth & GPRS data connections are turned off, although other distant transmitters will be included as background noise as the control of these are out of our jurisdiction. The distance of the Bluetooth beacons are measured from the door, not directly from the RN4020.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\ibeacon Vs iTAG BLE2 Indoor V5.PNG]The Spectran HF-60105 & MCS Spectrum Analyser software will be recording in parallel to this test.
[bookmark: _Toc515816662]Figure 63


Figure 66, (above) is the graphical plot of the results, the iTAG Vs ibeacon. As you can see from these results, the ibeacon fluctuates in RSS (Received Signal Strength) more than the iTAG, but the highest signal value peaks at -73dBm at approx. 0.1m from the rear door. This BLE beacon performs better due to its more exposed and larger PCB antenna. The iTAG, although mounted in a plastic case, does not perform as well as the beacons antenna may not necessarily point towards the RN4020 module, due to the beacon being suspended. 
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\iTAG & ibeacon BLE2 Indoor Vs Indoor V5 Scaled.PNG][bookmark: _Toc515816663]Figure 64


The results taken from the Microchip RN4020 BLE module that was placed indoors test results is then plotted and compared to the results that of taken in the open air test (Test 3). This is done in accordance to that of the comparison that R.Faragher & R.Harle shows & talks about in their paper [9]. This is to compare results from an open air test to an obstructed body. Although this test is not detrimental for positioning, it does affect the proximity distance as to when the system shall set the alarm. In the scatter plot above, the dashed style plots are that of the test with the RN4020 module placed behind approx. 30mm of double glazing & the solid colour plots are of the open air test. As you can see from these results, the critical distance that the system shall trigger within (2-3m) is greatly affected when placed behind double glazing. As a comparison, at approx. 2m the open air results show -73dBm for both beacons & the obstructed body test shows -87dBm for both beacons. The obstructed body results show that the signal strength with distance is not linear, as there are random increases & decreases in the readings. The only reliable distance to set an alarm on the system indicates to us from the plot above is within 1m from the door.



[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\ibeacon Obstructed body Start.PNG]Figure 68, (above) is the Spectrum analyser plot of the iTAG at close in distance (~1m). As you can see, it is very hard to distinguish which channel is the iTAG, as the signal strength appears equal across all frequencies.[bookmark: _Toc515816664]Figure 65

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\iTAG Obstructed body Middle.PNG][bookmark: _Toc515816665]Figure 66

Figure 69, (above) is the live Spectrum analyser plot from the ibeacon.
Another thing to consider, although the Spectrum analyser can be a useful tool for measuring continuous signal strength, i.e. CW radar, the iTAG transmits at: ‘-89 dBm sensitivity at 1 Mbps data rate and +4dBm transmit power’, according to the datasheet Appendix [2]. The important thing to note here is that the iTAG transmits 1 Million bits per second, translating that into the time interval, it calculates at 1 bit sent every 1μS, however, the fastest sample time scan of the Spectrum analyser & its software is 1mS, which equates to 1kHz, therefore, the spectrum analyser is only picking up 1 bit out of a thousand. And so, comparing the RSS from the Spectrum analyser to the RN4020 module is not a good comparison because of this. As the BLE beacons transmit a string of ‘bits’ that contain its MAC address and signal strength, as samples are missed on the Spectrum analyser due to its low sample rate, it cannot receive the full string of data that the RN4020 BLE module does, to which contains the RSS converted from bits to Hexadecimal format.












[bookmark: _Toc516082469]Section 6
[bookmark: _Toc516082470]PIC Wizard Set-Up/ Proteus Schematic Simulation
[bookmark: _Toc516082471]PCWWiz PIC Wizard
In order to set-up the PIC that is chosen, a program called PCWWiz is used to set the peripherals of the PIC before the simulation & programming in Proteus 8.7. The set-up of the PIC using the PIC Wizard program is made easy which generates & outputs two important hex files that contain the coding which are in this case, are called; main.h & 16F886.h. The programming in Proteus requires these Hex files in order to determine the parameters for the functioning of the PIC. This includes such peripherals such as what speed to run the clock at, which pins are inputs, outputs, analog & digital, as well as enabling features such as LCD, I²C & RS-232 communications. 
It also sets up the fuses for the PIC, which are functions that, for instance, reset the PIC when the supplied voltage dips below a certain threshold, for example this PIC16F886 is supplied with 5V to the Vdd pin, but a brownout option could be set at say 4V. This is important because if there is a power supply interruption whilst the program is going through an instruction set or a while loop, it can safely come out of it and restart at the first instruction when the power is restored so that the PIC is not stuck in the loop when it powers back up, this can generate errors and can be hard to come out of the loop or instruction
Pcwwiz is found with the CCS compiler in the PICC program folder. On first starting the program up, it takes you to the PIC selection page first.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PICWIZ PIC Select.PNG]





Figure 70, Device selection

[bookmark: _Toc515816666]Figure 67


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PICWIZ Inputs Outputs.PNG]
Fig [71], I/O Pins, here the hardware requirements are set for the Inputs & outputs to the PIC. ‘Pull-up’ isn’t selected, as the buttons supply 5V to the PIC when pressed. This pull-up design option works in the opposite function, to where a current limiting resistor is placed in between 5V supply & the PIC ‘s input pin. Then the button grounds the 5V supply to the PIC, pulling down the voltage.[bookmark: _Toc515816667]Figure 68



[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PICWIZ LCD.PNG]
Figure 72, Is the set-up for external LCD display. The size of the screen has no effect to the number of data pins to it. This 7 drop down pin location options on the PIC does not include the power (Vdd), ground (Vss) and contrast (Vo). This is covered in the ‘Device Build’ under Section 9.[bookmark: _Toc515816668]Figure 69

[bookmark: _Toc516082472][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PIZWIZ Fuses.PNG]
Figure 75, (Left), is the Fuses section as described in the introduction to this topic. The term ‘Fuses’, also known better as ‘Configuration bits’ and the brownout reset threshold can be set, low voltage programming, power up timer, program memory overwrite protection and so on.[bookmark: _Toc515816669]Figure 70

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus mainh HEX.PNG]

Figure 74, Shown right is the main.h file that pcwwiz generates once ‘Create Project’ is selected. Before the project is created, you are prompt to create a directory to save the two Hex files. These Hex files are then moved into the Proteus folder, and these two Hex files are included in to Proteus.[bookmark: _Toc515816670]Figure 71

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus 16F886h HEX.PNG]
Figure 75, (Left) is the second Hex file, titled as the PIC model number. This is more specific to the PIC model as this file denotes the PIC’s physical properties, such as how many pins it has, program memory size.
Once the code is written, the code is translated into machine code, (Hexadecimal) and included into this 16F886.h file when it comes to flashing the PIC.[bookmark: _Toc515816671]Figure 72

[bookmark: _Toc516082473]Proteus Schematic, C Programming & simulation

The design of the system is first conducted in Proteus 8.7 VSM (Value Stream Mapping) software by Labcenter Electronics. The program is first set up with the use of the PIC16F886, which is chosen under the section ‘PIC Selection’, Section 4.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Schematic.PNG]The first component that is placed onto the workspace is the PIC16F886 itself, as you are prompted to select this device model upon starting a new project in Proteus 8.7.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PC1604A 16x4 LCD.PNG]The LCD is then selected from the component library, the same LCD dimension as that of the LCD selected under ‘Components Selection’ in section 4. Here, a 16x4, 16 character by 4 line LCD is chosen & placed onto the workspace. The LCD is connected to the PIC as labelled in the previous section ‘PCWWIZ PIC Wizard’ set-up, as the 7 connections were defined in the main.h file. [bookmark: _Toc515816673]Figure 73
[bookmark: _Toc515816672]Figure 74

The only connections not shown in Proteus are; the power (Vdd), ground (Vss), contrast (Vo) and the LED backlight (Anode & Cathode), as these are edited in the component properties & the connections hidden to keep the workspace less cluttered.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\VN10K Proteus.PNG]Figure 77, above is a technical specification table from the PC1604-A Powertip 16x4 LCD data sheet. The interconnections from the screen to the PIC16F886 are made by following the ‘Pin Assignment’ table & that of what we defined in PCW Wizard. The ‘Electrical Characteristics’ table is needed for calculating the current limiting resistor for the LED backlight in the forthcoming section ‘Device Fabrication’ in section 9.
The ‘In’ & ‘Out’ alarms are signalled on and off via 5V logic from the PIC to two independent VN10K N-Channel MOSFET’s. These are chosen over the original VN2222LL MOSFET’s used in the first Proteus schematic due to the higher current handling capacity of 750mA & availability.
The VN10K Transistors are used to switch power supply to the buzzer & LED as the PIC cannot supply the required current to these. This is noted in the PIC datasheet specifications.[bookmark: _Toc515816674]Figure 75


The resistor value for the LED’s is calculated by using the following;


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Buttons.PNG]The User interface buttons, shown here in Figure 79 is laid out using the ‘pull down’ method, in that, when the momentary push button is in the normally open state, the circuit is ‘floating’ i.e. left open, and so, pull down resistors are used to ‘bleed’ any residual current to ground. This is to ensure that the PIC’s button inputs only receive either a ground (close to 0V) or 5V TTL.[bookmark: _Toc515816675]Figure 76

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Tx Rx Compim.PNG]The buttons are supplied a common 5V feed directly from the 5V linear voltage regulator. 

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus COMPIM Edit.PNG]The next component added to the circuit schematic is the RS232 emulator. Because Proteus is virtual simulation software, we need to use a physical connection from this to the hardware device, in this case, connect the virtual PIC within Proteus to the Microchip RN4020/ MikroBus BLE2 Click Board that is set-up on the breadboard. This is where the Prolific PL2303HX USB to RS232 cable is used (as used in section ‘Setting up the RN4020 BLE Module’).[bookmark: _Toc515816676]Figure 77

‘COMPIM’ is selected from the component library. Some technical research was needed to find this device for this application, searching online on the Microchip’s forums brought this device to light.[bookmark: _Toc515816677]Figure 78

The COMPIM’s component properties are then edited to set the Baud rate of the device, as done in the section: ‘Setting up the RN4020 BLE Module’, the RN4020 module is set up for 9600 Baud, as this was the optimal speed to transmit and receive data without errors from the RN4020 module to the PC. The Port is selected to COM19 in this instance. The USB Com Port number is found under; Control Panel > Device Manager > Ports. The data bits & parity is set the same as what the RN4020 PDF datasheet specifies found under section 2.3 P20, ‘RN4020 UART-ASCII COMMAND AND RESPONSES’.
Added to this, are two virtual terminal serial screens. One connected to Tx (Transmit) and the other Rx (Receive) displays live data strings to what is coming in and going out of the RS232 port. The virtual terminal allows data from the keyboard to be sent out, alongside to what we can see the PIC is sending out to the COMPIM terminal. [bookmark: _Toc515816678]Figure 79

[bookmark: _Toc516082474]Section 7	
[bookmark: _Toc516082475]Proteus & CCS ‘C’ code writing & Compiling
Once the circuit has been laid out onto the workspace, the next stage is to ensure that commands can be sent from Proteus to the RN4020 BLE device, currently set up on the breadboard, this stage will prove that communication from Proteus to the RN4020 module is working as intended. The command ‘D’ for dump device information will be sent from the PIC16F886 to the RN4020 module when the ‘IN’ button is depressed. This is a temporary test to ensure the PIC can send commands & that communication to the hardware is established.
Before any simulation can be started, the Hex files, main.h & 16F886.h, that were generated in the previous section ‘PCWWIZ PIC Set-up’ is imported into the workspace as well as ‘lcd.c’ that PIC Wiz generates also. This is normally automatically imported when these files are moved into the Proteus project folder that was created upon opening Proteus.
For the first stage of programming, some variable headers are to be created. These are parameters such as sending bytes, getting bytes, setting the Baud rate and restarting the device. These are input & output function values that have not yet been defined, for instance, ‘void’ means the value is not specified, and ‘char getbyte(void);’ means, get byte (8-bits long) that is a character, but void as the character value is not yet defined as it’s an unknown, such as the signal strength or beacon address.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Coding 1.PNG]It was decided that the first initialisation start-up command is to set the Baud rate every time the system is powered up. This is to ensure that the data rate is mirrored between the PIC and RN4020 BLE module to counteract any foreseeable errors. The command ‘SB, 1’ is written as ‘set_baud(1);’ ‘1’ is the value of the Baud setting, in the base of Figure 83 left, referring to the Microchip RN4020 User guide, ‘1’ is the Baud rate of 9600. The following command ‘restart()’ reboots the RN4020 device to ensure the settings take effect & are saved.
Initiating LCD screen is done by script; lcd_init(); on line 26. This essentially ‘wakes up’ the LCD display ready for data to be sent to it.[bookmark: _Toc515816680]Figure 80

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Coding 2.PNG]The next command is to utilise the ‘IN’ button to send the ‘D’ or dump device information command to the RN4020 BLE module Figure 84. This is only temporary as we want to prove two goals; to test the communication between Proteus & the RN4020 BLE module and test the function of the PIC & its ability to transmit commands. A 1mS delay between characters sent is done to overcome transmission propagation delay errors, i.e. receiving the 2nd bit before the 1st.[bookmark: _Toc515816679]Figure 81

Once the code is written to; set the Baud rate, restart RN4020, initiate the LCD & wait for ‘IN’ button to be pressed, the code is then compiled by pressing ctrl+F7. This will initiate CCS to promptly convert the ‘C’ language into Hexadecimal, and virtually load this into the PIC’s program memory. Then Proteus will proceed to run the live simulation. 
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\SCAN SET UP.png]Once the live simulation is running, the virtual terminal display windows will pop up & display the Tx/Rx data. To that, the ‘IN’ button is pressed, sending a ‘D’ command from the PIC. Successful connection from Proteus to the RN4020 BLE module via ‘COMPIM’ virtual RS232 port is achieved when we receive the device information in the ‘Rx’ (Receive) virtual terminal screen.
[bookmark: _Toc515816681]Figure 82

Figure 85 (Above), is the successful communication test. 
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 187-218.PNG]The next stage in the coding is to send a start & stop scan to the RN4020 BLE module. Line 189 in Figure 86, below shows the command to start the scan. A 2mS delay is put after the send ‘F’ start scan command to allow for the RN4020 to receive & relay the bit sent back to the PIC16F886. Without this, errors start to occur, in that the next bit would come in to the RN4020 module at the same time as the first.
Lines 202 limits the characters received from the RN4020 module that has scanned a BLE beacon. Line 202 limits the string length to 25 characters long & then line 203 stores from the 13th character onwards.[bookmark: _Toc515816682]Figure 83

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 249-280.PNG]
As shown in the PuTTY testing & set-up of the RN4020 module, a stop scan command ‘X’, must follow after the start scan, ‘F’. 

[bookmark: _Toc515816683]Figure 84



[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 156-187.PNG]In between the start scan (‘F’) and stop scan (‘X’) is a 5 second delay, Figure 88. This was implemented in order to allow for the available advertising Bluetooth devices in the area to be read and data received back, namely the MAC addresses and the signal strength. Another advantage of this is for several valid BLE beacons that are the registered ones we want to set an alarm count & to be discovered amongst other non-valid Bluetooth devices.[bookmark: _Toc515816684]Figure 85

The ‘device[η][q]=0;’ is where the PIC stores all received variables sent back from the RN4020 BLE module, this includes the ‘AOK’ as well as the beacon ID & RSS (Received Signal Strength) in its Hexadecimal format.

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 94-125.PNG]When the advertising Bluetooth device ID’s & RSS values have been stored, they are then run through a ‘while’ loop that checks if that Bluetooth device is a valid one to which are stored, shown in Figure 90 on line 22, “C0C4” & “2550” are the valid Bluetooth LE beacon ID’s that we want to set the alarm for.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Hex to Decimal Threshold.PNG][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 1-32.PNG]When the ‘while’ loop checks the last 4 characters on the device MAC address, it will either result in a 1 for a valid, or a 0 for invalid, when 0 ‘flag’ is set for an invalid ID, it will then discard it. If the device ID is valid, a ‘1’, then it will proceed to the next ‘If’ statement, in that it will compare the RSS to what the threshold is set at. The ‘If’ statement will then check the MSB (Most Significant Bit) to the RSS of the device, in Hexadecimal, which is set to [5] (Line 123, Figure 89. If the RSS is more than 5, the RSS is too high and will set an invalid ‘flag’. If the RSS is under [5], then the threshold level has been met, and will start the valid counter, up to 3 before the alarm is set. [bookmark: _Toc515816685]Figure 86
[bookmark: _Toc515816686]Figure 87




Bear in mind that the lower the Hexadecimal value is the stronger the signal. Figure 91, (Left) is the Hexadecimal to Decimal conversion table. The green values are the valid signal level & the red values are the invalid. Thus, the RSS value under 50 (Hex value) will start the valid counter & increment up to a count of 3 before the alarm is set.
[bookmark: _Toc515816687]Figure 88


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 125-156.PNG]When the valid counter starts incrementing, the PIC will then display the device’s last 4-digits of its MAC address followed by the RSS, shown here in Figure 92 on lines 131-134.
Then, when the valid counter reaches a limit of 3, the PIC will output ‘high’ (TTL +5v), alarm on on pins A4 & A5, lines 146 & 148.[bookmark: _Toc515816688]Figure 89

Otherwise, if the valid counter is less than 3, keep pins A4 & A5 ‘Low’ (TTL 0v), alarm off.

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Proteus Code 218-249.PNG]The final operation in this process is the interaction from the UI (User Interface). When the condition has been met for a valid Bluetooth LE beacon ID & RSS that has counted 3 valid states, the ‘Out’ alarm is triggered first by default when the system is first powered on.[bookmark: _Toc515816689]Figure 90

The Red LED & buzzer will illuminate & sound continuously until the ‘Log in’ UI button has been pressed, once this has been pressed by the user, the PIC will see a 5V TTL on the buttons input pin on the PIC (Port B), Line 241, Figure 93, then the PIC will set the output TTL to the VN10K MOSFET’s to 0v, Line 243. At the same time, the PIC will change the state of the ‘Tag out’ to ‘Tag in’.
This process shows the criteria needed to fulfil a valid Bluetooth LE beacon to set the coming in alarm when the pet is at the door. The going out process is identical to this. The only variation is the signal level threshold that the system will start the valid counter, as the pet & Bluetooth LE beacon is in direct line of sight and closer to the RN4020 BLE module, thus the Hexadecimal value for the RSS is of a lower value.

[bookmark: _Toc516082476]Section 8
[bookmark: _Toc516082477]Stripboard Layout Design Schematic
The circuit design from Proteus & that of what is created on the development breadboard is designed into a strip board template. This is done in Microsoft Excel for ease of planning.
Before the dimension is drawn out for the strip board in Excel, a 16x10cm stripboard is cut into two pieces. The first of which will house the microcontroller & RN4020 BLE module, and the second will incorporate the voltage regulators. The main board for the PIC16F886 & RN4020 is cut to the largest possible size that can fit into the 150x80x50 polycarbonate hobby box vertically.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Main Board Vero Schematic.PNG]This is where some pre-fabrication is needed before the stripboard layout can be defined.
Figure 94, (Left) is the mainboard layout. The tracks are orientated so that less jumper cables & track breaks are required, ultimately reducing the size of the stripboard.
In order to keep the stripboard as small as possible, ribbon cables with DuPont connectors are used to connect the PIC16F886 & RN4020’s Tx/Rx data connections. All Vdd & Vss connections are also done this way.
The components & symbols which are not annotated on the design are as follows;2.54mm male header pins


	Track breaks


[bookmark: _Toc516082479][bookmark: _Toc515816690]Figure 91



[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Power Board Vero Schematic.PNG]Figure 95, (Left) is the power supply board. It was decided that the power distribution had its own dedicated stripboard in order to;
 - Maintain simplicity
- Reduce component footprint on the mainboard
- Keep the power & ground rails together, reducing off-board connections.
- Make the stripboard modular, any component failures, the whole board can be swapped out with ease.
- Reduce any fabrication errors, i.e. crossing of power & data lines
For the UI (User Interface) buttons, the pull down resistors are placed as close as possible to the ground rail with ribbon & DuPont cables to make the connection to the mainboard. This is done to use the remaining free space left on the power distribution board.
The power fed into this stripboard is terminated with a 2.54mm pitch terminal screw block, to make disassembly easy.Off the power board is a 3-way toggle switch RS stock No. 317-005, 20mm panel mount fuse holder RS Stock No. 311-0009, 9V battery & D.C. female 2.1mm Jack socket, which is wired as: [bookmark: _Toc515816691]Figure 92

		2.1mm D.C. Jack, 9V to 12V





20mm 250mA Time Lag Fuse

[bookmark: _Toc516082480]Section 9
[bookmark: _Toc516082481][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Hex Release.png]PIC Programming / Flashing
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\Hex Release 2.PNG]Once the coding & simulation is working & proved as required, The Hex file that Proteus uses for the virtual PIC16F886 on the workspace is required to program the physical PIC16F886 that will be used on the mainboard & the duplicate system on the development breadboard. For this, a ‘Release’ version is to be built. This is done by going to: Build > Project Settings. The project options window appears, then in Edit, ‘Release’ is selected from the drop down menu, and then ‘OK’[bookmark: _Toc515816692]Figure 93



This then creates the released Hex file into the Proteus folder ready for the next stage of programming the PIC16F886.[bookmark: _Toc515816693]Figure 94



[bookmark: _Toc516082482]MPLAB IPE/ PICKit 3™
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\PICKit 3.jpg]MPLAB IPE (Integrated Programming Environment) by Microchip is used in conjunction with the PICKit 3 programmer & seat board connected to the PC via USB cable. The seat board is configured to program DIP28 IC microcontrollers by using the supplied jumpers to the side of the mounting socket.
MPLAB IPE V4.15 is started up once the PICKit 3, seat board & USB cable is assembled & connected to the PC. The PICKit 3 device is then chosen from the drop down menu, under: ‘Tool’ then ‘Connect’ is selected, Figure 99.
The released Hex file is then imported in. Under the ‘Power’ tab at the side, ‘power target from device’ is checked in order to supply 5.0V power the PIC16F886. The correct voltage must be carefully selected to prevent pre-mature damage to the PIC.[bookmark: _Toc515816694]Figure 95

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IPE LAB 2.PNG][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IPE LAB 1.PNG]Then the PIC16F886 is programmed, by simply selecting ‘Program’ on the Operate screen. The program then undertakes the operation of erasing any program on the PIC, write the imported Hex file program and then verify what it has flashed the PIC. This operation is a fairly quick process.[bookmark: _Toc515816695]Figure 96









[bookmark: _Toc515816696]Figure 97


Figure 100, left, is confirmation that the PIC16F886 has successfully been programmed.
[bookmark: _Toc516082483]Circuit Design Fabrication & Device Build
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_221045.jpg][image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_220949.jpg]
The strip board circuit is built according to the schematic in the ‘Stripboard Layout Design Schematic’ in section 8.
Figure 101 (Far Left) is the main board. Note that a 0.1uF ceramic capacitor is added to the PIC16F886 between Vdd & Vss to mitigate any RF interference due to inductance.
Figure 102 (Immediate Left) is the power supply board. The voltage supply rails are positioned together on the far right of the board as; 5V, 3.3V & Ground[bookmark: _Toc515816697]Figure 98
[bookmark: _Toc515816698]Figure 99



[bookmark: _Toc515816699]Figure 100

The pull-down resistors for the buttons, to which are located on the power supply board Fig [103], was decided to be soldered in an unconventional manner. As the connection between these 10kΩ resistors & to the PIC 16F886 is done with ribbon cables, terminated with DuPont connectors, requires 2.54mm male header pins soldered onto the stripboard. As the 10kΩ resistors are orientated on the stripboard to where track breaks cannot be done, the tracks between the through-holes are cut with a thin Dremel blade and solder is used to make the jumper across from the 2.54mm male header pins to each 10kΩ resistor, as shown in Figure 103.


Figure 104 is the bottom side of the mainboard. The track breaks are kept to a minimum. The only variation in design is a notch cut out on the bottom right of the stripboard. This is to allow the power cables to pass through when installed inside the box enclosure (circled yellow).

[bookmark: _Toc515816700]Figure 101



Figure 105 (Left) Is the enclosure for the device with the 9V quick release battery holder, 3 position switch, 20mm fuse holder (situated behind the 3 position switch) & the 12V D.C. Jack in.
Note that there is a milled cut out for the RN4020 PCB antenna, situated left of the 3 position switch.[bookmark: _Toc515816701]Figure 102

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_221246.jpg]
Figure 106. The front of the enclosure incorporates the 16x4 LCD display, 2 alarm buzzers, 2 alarm LED’s & 4 user interface buttons. 
Each component is wired to the same ribbon cable & DuPont connectors used throughout the fabrication for ease of disassembly.
The buzzers & 16x4 LCD display are completely flush to the surface of the enclosure front face, using M3 stand-off spacers.[bookmark: _Toc515816702]Figure 103

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_225425.jpg]Figure 107. Here is the rear of the device enclosure with the installed mainboard & power supply board. The two boards face each other to minimise the need for extra cabling & reduces the space required for them.  As you can see, the space inside is very limited, therefore the orientation of the circuit boards have to be positioned to make the limited space efficient.[bookmark: _Toc515816703]Figure 104

[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_225415.jpg]


Figure 108. The overall layout of the device opened up. The ribbon cables are a generous length for the front user interface panel to make ease for opening up the device as shown.

[bookmark: _Toc515816704]Figure 105


[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180510_230130.jpg]Figure 109, Shown below is the completed device. The buzzers sit inside the rear of the enclosures cavity, to make use of every available space inside. This keeps the front of the device visually less ‘cluttered’ and more compact.

[bookmark: _Toc515816705]Figure 106



[bookmark: _Toc516082485]Section 10
[bookmark: _Toc516082486]Testing/ Debugging
[bookmark: _Toc516082487]Debugging
Upon initial testing of the device after the Hex file was flashed to the PIC16F886, there were issues with the system. These issues were;
· Unreliable valid scan counts
· Failure of PIC16F886 to trigger the alarm MOSFET’s (VN10K N-Channel)
The first issue took some considerable time to fault find. At first, it was suspected that other non-valid Bluetooth devices in the area was causing errors in the way the PIC16F885 stored each device MAC address in its registry. In the end, the cause of the issue was an accumulation of things. Firstly, the Tx/Rx pinouts on the PIC16F886 was initially on pins 9 & 10 (Port A) which are set up within the software, however, the hardware Tx/Rx pins are defined as pins 17 & 18 on Port C.
The second issue was the failure of the PIC16F886 to send a TTL pulse to the VN10K N-Channel MOSFET’s that control the power to the buzzers and LED’s. This issue turned out to be a suspected problem during flashing of the PIC16F886. The issue was rectified by moving the alarm out pins on the PIC.
[bookmark: _Toc516082488]Testing
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180531_215004.jpg]The ‘Swordfish BLE2’ device was then tested in the same location as to that of what the RN4020 module was in the early stages of development. The Bluetooth LE beacon was placed at every metre intervals closing in onto the ‘Swordfish BLE2’ module. The system successfully triggered when the Bluetooth LE beacon was in transmitting range.
[image: C:\Users\Chris\Desktop\Year 3 BEng\Final Major Project - Project Swordfish\Photos & Images\IMG_20180531_214921.jpg][bookmark: _Toc515816707]Figure 107
[bookmark: _Toc515816706]Figure 108


[bookmark: _Toc516082489]Improvements/ Alterations
Once the device is built & the PIC is programmed, testing is undertaken to determine its performance. As this is a prototype device, there will inevitably be alterations and improvements for it to perform as intended in the requirements section.
The first alteration was to edit the proximity level for the device to set an alarm when the BLE beacon was outside the property. This is an easy alteration that requires no physical modification to the device itself, but is amended within the Proteus ‘C’ programming by changing the MSB (Most Significant Bit) on the read device signal strength. The same applies to the signal proximity level once inside the property, by simply changing the value within the ‘Tag Inside’ Loop.
Another improvement that differs from the original design was to add a 9v PP3 cell battery in addition to the adapted 12v mains supply. This was due to the suspicion of the ‘noisy’ supply produced by the 12v adapted mains.

[bookmark: _Toc516082490]Consumer Reviews/ Feedback
The device was given to a neighbour to trial & test on one of their many cats. As the house was the same build and layout as that the breadboard & prototype device was researched in, this made the device perform the same as the environment it was developed in.
The overall feedback was positive; neighbour (G.Seaman of No. 19 Newell Avenue, Shoeburyness, Essex) was impressed with the portability and how compact the device was. It benefited him as they did not have a pet flap installed, but has 4 pet cats and 2 dogs.
The issues that were raised for future research was the unpredictability of their cats & false triggering of the alarm; it was observed that their cats would vacate the property and ‘loiter’ within the properties boundary, most frequently besides the front door. There were a few false triggering of the alarm, both inside & outside because of their behaviour.
It was suggested that the device might be more suitable for dogs, which have a more predictable behaviour to when they wish to go into the garden to use the toilet.
[bookmark: _Toc516082491]Evaluation
The outcome of this research and the evaluation of the final product is positive. It has met the main objective to alert the homeowner to when the pet wishes to enter or vacate the property using the Bluetooth LE technology.
The other objectives, such as keeping an electronic register was not fulfilled due to time constraints & limitations of the PIC16F886 & the Proteus software, namely down to the program memory.
[bookmark: _Toc516082492]Section 11
[bookmark: _Toc516082493]Conclusions & Recommendations
To conclude this research; it is possible to utilise Bluetooth LE for proximity sensing for pets. The stages undertaken to reach this was to prove that Bluetooth LE has the specified requirements to achieve this with minimum hardware & software requirements for such as system.
· Firstly, of all the wireless methods, Bluetooth LE came out on top for the chosen method due to its cost Vs performance, the ease & versatility of it. RFID was a method that was considered, as the beacon attached to the pet collar was passive & required no additional on-board power, however, the installation of powerful RFID antennas, (inside & out) hindered this idea.
· Secondly, the concept of proving that a mass produced Bluetooth LE beacon could give a reliable, consistent RSS to trigger an alarm was researched & proved with the controlled testing of the beacon. The concept was to prove that a Bluetooth LE receiver can trigger an alarm system with multiple Bluetooth LE tags.
· Thirdly, a fully automated system was investigated & proven with the use of a low power Microcontroller with the aid of low-level programming.
· Finally, although Bluetooth LE met the criteria of the design requirements for this research, there were complications & unforeseen issues that arose during the findings;
1. The ‘iTAG’ Bluetooth LE beacon was programmed to have a 20 minute transmit period.
2. The performance of the ‘iTAG’ compared to the ‘ibeacon’ was inferior
3. Triggering of the alarm was inconsistent within the Proteus simulation & the prototype device when other short range Bluetooth devices were scanned in the local area. This was down to the code written within the programming, to where each Bluetooth device information was stored in a certain order.


[bookmark: _Toc516082494]Lessons Learnt/ Reflections
Reflecting upon my research, findings & development on this final major project, the main lesson that is learnt is the application of today’s wireless technologies. For every application, there are technological methodologies that are adapted or made use of in order to make a product or device function. What is meant by this is that there are no one-off wireless communications that are specifically made to undertake one role, for example, Bluetooth was developed as a way for computers to transmit and receive data, peer-to-peer at a short range distance to rid the connection of RS232. But in today’s society, this has been revised & improved over the years to enable portable devices to control other devices. As a result, there are limitations as to what some devices can achieve with the Bluetooth LE technology, and it is shown in this research.
Another lesson learnt, is the behaviour of wireless devices in certain environments. The Spectran spectrum analyser was used to show and give an understanding of how the Bluetooth LE devices operate and behave in a ‘noisy’ RF environment. But the thing to take away from this is that the technology was developed to make it extremely hard to analyse a particular device operating in the ISM band.
A vital lesson learnt is also the understanding of Microcontrollers & its programming language. An Issue that arose during the development stage was brought to light after the programming code was written & the PIC16F886 was programmed. Upon initial testing of the prototype device, the PIC16F886 would fail to send a TTL pulse to the VN10K N-Channel MOSFET’s to activate the buzzers and LED’s. This was rectified by assigning the output alarm pins to a different port altogether. As the simulation within Proteus functioned as intended, the problem lies with the flashing of the PIC16F886. As the PICKit 3 that was purchased was a clone of the genuine Microchip product, suspected anomalies pointed towards this.
My personal knowledge on ‘C’ programming is that of a basic understanding, therefore, additional help was given by the project supervisor with this issue. So during the time of the project, I was learning ‘C’ programming code at the same time as researching and developing this device.
The problem with iTAG turning off after 20 mins was another lesson that was learnt during the early research stages of proving the suitability of these low cost beacons.
The most important topic to take away from this research is the fundamental that I have learnt of Bluetooth Low Energy. More specifically, the EM RF wave is a very interesting yet deep topic to fully grasp. Besides the principles of how an EM wave propagates, the method in which it transmits and receives digital data is another area in itself, such as the FHSS principle for securing data sent between two ‘encrypted’ devices.
If I were to undertake this project again, there are steps I would take prior to starting it, namely;
· Learn the fundamentals of ‘C’ programming
· Implement either another wireless technology method or more receivers
· Allow all available time dedicated to this research alone
· Add more features to the Bluetooth UI device, i.e. in/out register for each tag
	

[bookmark: _Toc516082495]Section 12
[bookmark: _Toc516082496]Glossary of Abbreviations
App - Application
ASCII - American Standard Code for Information Interchange
BLE - Bluetooth Low Energy
CCS - Custom Computer Services
CDMA - Code Division Multiple Access
CE - Conformité Européene
CMD - Command
COMPIM -  COM Port Physical Interface Model
CPU - Central Processing Unit
CW - Continuous Wave
dBm - Decibel milli Watt
DIP - Dual In-line Package
EM - Electro Magnetic
EU - European Union
FDXA - Model of pet microchip
FDXB - Model of pet microchip
FHSS - Frequency Hopping Spread Spectrum
GHz - Giga Hertz
GPRS - General Packet Radio Services
GPS - Global Positioning System
GSM - Global Systems for Mobile communications
I²C - Inter-IC Control
IC - Integreated Circuit
ID - Identity
IPE - Integrated Programming Environment
ISM - Industrial Scientific Medical
LCD - Liquid Crystal Display
LE - Low Energy
LED - Light Emitting Diode
MAC - Media Access Control
MCU - Microcontroller Unit
MLDP - Microchip Low-energy Data Profile
MOSFET - Metal Oxide Semi-conductor Field Effect Transistor
MPLAB - Microchip Programming LAB software
mS - millisecond
MSB - Most Significant Bit
NFC - Near Field Communication
NVM - Non-Volatile Memory
PC - Personal Computer
PCB - Printed Circuit Board
PCW - CCS PIC Wizard Program
PDF - Portable Document Format
PIC - Peripheral Interface Controller
PICC - CCS Software
PICKit 3 - Microchip Programmer
PN - Pseudo random Number
RAM - Random Access Memory
RF - Radio Frequency
RFID - Radio Frequency Identificaton
RRP - Recommended Retail Price
RS232 - Recommended Standars 232 (Computer Serial Interface)
RSSI - Received Signal Strength Indicator
Rx - Receive
SIG - Special Interest Group
SIM - Subscriber Identity Module
SMS - Short Message Service
SPI - Serial Peripheral Interface
TTL - Transistor-Transistor Logic
Tx - Transmit
UART - Universal Asynchronous Receiver/Transmitter
UI - User Interface
UK - United Kingdom
USB - Universal Serial Bus
VAT - Value Added Tax
Vdd - Voltage Drain Drain
VSM - Virtual Stream Mapping
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