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Abstract	
This	 thesis	 explores	 the	 possibilities	 of	 constructing	 an	 indoor	 positioning	 system	 based	 on	
Bluetooth	 Smart	 technology.	 Two	 non-trainable	 trilateration	 approaches	 and	 two	 trainable	
fingerprinting	were	implemented	and	evaluated	at	Mobiento's	offices	in	Stockholm,	Sweden.	

A	 trilateration	 approach	 is	 based	 on	 finding	 a	 sought	 location	 based	 on	 known	 distances	
towards	 know	 locations,	 at	 least	 three	 locations	 and	 distances	 are	 needed.	 A	 fingerprinting	
approach	 is	 based	 on	 creating	 a	 radio	map,	 which	 describes	 transmission	 signals	 within	 the	
room,	 towards	different	 transmitters.	A	 set	 amount	 of	 coordinates	 are	 assigned	 a	 fingerprint.	
These	are	then	used	as	reference	points	for	a	sought	location.			

For	 each	major	 approach,	 trilateration	 and	 fingerprinting,	 a	weighted	 approach	 is	 conducted.	
These	 approaches	 are	 evaluated	 in	 a	 disturbance	 free	 environment	 in	 term	 of	 accuracy,	
implementation	 and	 setup.	 In	 terms	 of	 accuracy,	 the	 non-weighted	 fingerprinting	 approach	
performs	 slightly	better	 than	 the	weighted	 fingerprinting	approaches.	Both	of	 these	are	more	
accurate	 than	 the	 trilateration	 approaches.	When	 it	 comes	 to	 implementation	 and	 setup,	 the	
trilateration	 algorithms	 impose	 less	 cost.	 These	 allow	 for	 better	 scalability	 when	 the	 indoor	
environment	becomes	larger.	

	

	

	 	



	
	

Sammanfattning	
Detta	 examensarbete	 undersöker	möjligheterna	 att	 skapa	 ett	 inomhusnavigeringssystem	med	
hjälp	 av	 Bluetooth	 Smart	 tekniken	 iBeacons.	 Två	 trilaterations	 algoritmer	 samt	 två	
fingerprinting	algoritmer	konstrueras	och	utvärderas	på	Mobientos	kontor	i	Stockholm,	Sverige.	
	
En	trilaterations	algoritm	bygger	på	att	hitta	en	sökt	plats	i	rummet	baserat	på	att	man	har	ett	
känt	 avstånd	 till	 kända	 sändare	 i	 rummet,	 åtminstone	 tre	 sändare	 och	 avstånd	 behövs.	 En	
fingerpriting	 algoritm	 bygger	 på	 att	 skapa	 en	 radiokarta	 över	 rummet.	 Denna	 beskriver	
signalstyrka	till	olika	sändare	utifrån	olika	referenspunkter	i	rummet.	När	man	söker	en	punkt	
jämförs	sedan	testpunkten	med	den	databas	av	referenspunkter	man	har	satt	upp	för	att	ta	reda	
på	positionen.		
	
Trilateration	och	fingerprinting	algoritmererna	prövas	även	med	en	varsin	viktad	metod.		
Utvärderingen	 av	 alla	 algoritmerna	 sker	 i	 en	 störningsfri	miljö,	 och	utvärderas	på	 kriterierna	
noggrannhet,	 implementation	 och	 installation.	 När	 det	 gäller	 noggrannhet	 presterade	 båda	
fingerprinting	algoritmerna	bättre	än	trilaterations	algoritmerna.	Trilaterations	algoritmen	var	
fördelaktig	 när	 det	 handlade	 om	 implementation	 och	 installation.	 System	 baserade	 på	
trilateration	är	enklare	att	installera	och	ger	bättra	skalbarhet	när	de	blir	större.	 	
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1 Introduction	

1.1	Background	
In	recent	years,	since	the	introduction	of	smart	phones,	many	successful	location	based	services	
(LBS)	 for	mobile	 devices	have	 emerged	on	 the	market.	Among	 these	 services	 there	 is	 a	 great	
amount	 of	 different	 navigation	 applications,	 but	 also	 other	 applications	 that	 for	 instance	 lists	
the	nearest	ATMs	or	cafes.	A	common	denominator	among	these	implementations	is	that	they	
have	been	enabled	by	the	global	positioning	system	(GPS)	and	the	development	of	smartphones.	
Application	programming	interfaces	such	as	Google	Maps	or	Maps	for	 iOS	allow	developers	to	
easily	 implement	 LBS	 into	 their	 applications.	 Implementing	 LBS	 in	 a	 mobile	 application	 has	
been	simplified	and	can	be	viewed	as	a	trifle	when	compared	to	other	processes	in	the	mobile	
application	development.		

The	 global	 positioning	 system	 uses	 time	 of	 arrival	 (ToA)	 to	 calculate	 a	 signal	 into	 distance.	
Embedded	within	each	transmission	from	the	satellites	is	the	time	of	transmission.	The	distance	
from	a	 satellite	 to	 the	 receiver	 can	 then	be	 calculated	 since	 the	 signals	 travel	 at	 the	 speed	of	
light.	Using	trilateration	in	three	dimensions,	an	intersection	can	be	extracted	from	four	surface	
areas	given	by	 the	spheres	 formed	by	 the	calculated	distances	 from	 four	satellites.	Using	 four	
satellites	is	required	to	produce	a	longitude,	latitude	and	altitude	position.	With	three	satellites	
one	 can	 produce	 a	 longitude	 and	 latitude	 position,	 and	 using	 more	 than	 four	 satellites	 will	
produce	a	more	precise	position.	When	the	 line	of	sight	 is	clear,	 the	system	works	well	and	 is	
very	precise	with	the	help	of	support	systems	such	as	DGPS	and	EGNOS.		

However,	 in	 non-line	 of	 sight	 (NLOS)	 conditions,	 for	 instance	 in	 urban	 areas,	 calculating	
distance	 from	 the	 satellite	 signal	 can	 become	 unreliable.	 In	 areas	 like	 these,	 the	 signal	 is	
exposed	to	many	disturbances,	like	bouncing	upon	structures	as	well	as	penetrating	a	wall.	Both	
bouncing	 on	 a	 wall	 and	 traveling	 through	 a	 thick	 wall	 will	 cause	 a	 spoof	 on	 the	 perceived	
Euclidean	distance	between	the	satellite	and	receiver	when	calculating	it.	Conditions	like	these	
make	 it	 problematic	 to	 utilize	 GPS	 indoors	 when	 precision	 is	 desired.	 An	 Indoor	 positioning	
system	 (IPS)	 is	 a	 solution	 designed	 to	 locate	 objects	 and	 people	 indoors.	 There	 are	 many	
different	approaches	and	solutions	to	how	these	can	be	designed.		

The	 range	 of	mobile	 applications	 that	 utilizes	 indoor	 positioning	 is	 small	 when	 compared	 to	
applications	that	utilizing	the	global	satellite	navigation	system,	GPS.	If	LBS	indoors	is	to	become	
as	well	established	and	customary	as	LBS	outdoors,	there	needs	to	be	some	leaps	in	technology	
in	 terms	of	 standardization,	price	and	precision.	There	are	many	 local	deployments	of	 indoor	
positioning	implementations	but	each	indoor	environment	usually	has	its	own	unique	topology,	
which	entails	different	terms	of	conditions	when	deploying	transmitters.	Furthermore,	there	is	
no	acknowledged	standard	on	which	system	that	should	be	used	when	constructing	an	Indoor	
positioning	system.	There	has	been	a	lot	of	research	in	utilizing	Wi-Fi	and	also	some	in	utilizing	
Bluetooth.	 In	 addition	 to	 easy	 deployment,	 an	 IPS	 should	 also	 be	 cheap	 to	 deploy.	 If	 the	
conditions	standardization,	pricing	and	precision	can	be	met	by	a	system,	this	could	allow	the	
market	for	LBS	indoors	to	mature	like	it	has	for	LBS	outdoors.	

On	an	initiative	started	by	Nokia,	the	first	development	of	what	would	become	Bluetooth	Smart	
was	 launched	 in	 2001.	 The	 technology	 derived	 from	 the	 ordinary	 Bluetooth	 stack	 but	 was	
developed	for	the	purpose	of	minimizing	the	power	consumption.	It	was	first	released	under	the	



Introduction		

	 2	

name	Bluetooth	 Low	End	Extension	 and	 later	 renamed	 to	Wibree.	 In	 2010,	 it	was	 integrated	
completely	 in	 the	 new	 Bluetooth	 specifications	 after	 agreements	 with	 the	 Bluetooth	 Special	
Interest	Group	under	the	name	Bluetooth	Smart.	Apart	from	the	advantages	of	a	better	power	
consumption	 compared	 to	 regular	 Bluetooth,	 Bluetooth	 Smart	 also	 has	 a	 new	 broadcasting	
feature	which	allows	a	Bluetooth	Smart	unit	to	send	short	broadcasting	messages.	This	feature	
allows	a	transmitter	to	send	messages	out	to	any	receiver	that	might	be	listening.		

With	the	release	of	the	Bluetooth	Smart	stack,	many	companies	have	started	to	produce	beacons	
utilizing	 this	 technology.	 A	 beacon	 is	 a	 transmitter	 that	 advertises	 its	 universally	 unique	
identifier	 (UUID)	 on	 a	 set	 interval.	 Apple	 has	 created	 and	 patented	 a	 protocol	 for	
communication	with	 Bluetooth	 Smart	 devices	 called	 iBeacons.	 The	 primary	 purpose	 of	 these	
beacons	 is	 proximity-based	 services	 like	 triggering	 a	 certain	 action	 when	 entering	 a	 certain	
range	 of	 a	 beacon,	 but	 they	 can	 also	 be	 used	 for	 the	 purpose	 of	 indoor	 positioning.	 In	 this	
Master’s	Thesis,	it	is	investigated	if	the	Bluetooth	Smart	stack	is	suited	for	the	purpose	of	indoor	
positioning.	More	specifically,	the	standards	and	specifications	introduced	in	the	commercially	
established	protocol	iBeacon	are	investigated.		

1.2	Purpose	
With	the	emergence	of	many	new	beacon	producers,	the	strong	potential	of	the	Bluetooth	Smart	
stack	 and	quick	 establishment	 for	 the	 relatively	new	protocol	 on	 the	market,	 the	demand	 for	
beacon	services	on	mobile	firms	such	as	Mobiento	has	increased	rapidly	the	past	year.	Several	
clients	wish	to	incorporate	beacons	within	applications	that	they	order	but	they	usually	do	not	
have	 any	 specifics	 on	what	or	how	 these	 services	 should	be	 implemented.	There	 is	 a	need	 to	
investigate	 the	 possibilities	 with	 beacons	 in	 order	 to	 meet	 these	 demands.	 Investigating	
Bluetooth	 Smart’s	 abilities	 to	work	 as	 an	 indoor	 positioning	 system,	 input	 and	 knowledge	 to	
Mobiento	 concerning	 how	 the	 company	 can	 meet	 its	 customers’	 demands	 as	 well	 as	
contributing	to	the	research	field	of	IPS	is	provided.		

In	 this	 thesis,	 the	 performance	 of	 a	 non-trainable	 trilateration	 approach	 versus	 a	 trainable	
fingerprinting	 approach	 in	 a	 disturbance	 free	 environment	 utilizing	 the	 Bluetooth	 Smart	
technology	 known	 and	 trademarked	 as	 iBeacons	 is	 investigated.	 To	 implement	 these	
positioning	techniques,	received	signal	strength	indicator	(RSSI),	an	inherited	Bluetooth	Smart	
property	that	is	accessible	in	xcode	is	utilized.		

1.3	Delimitations	
There	 is	 a	 set	 of	 delimitations	 established	 for	 this	 master’s	 thesis.	 In	 this	 section,	 these	 will	
briefly	be	described.		

There	is	no	hardware	investigation,	the	impact	of	choices	of	hardware	are	not	tested.	Different	
beacon	products	and	even	different	beacons	of	the	same	model	may	behave	differently	when	it	
comes	 to	 transmission	 strength.	 This	 is	 also	 the	 case	 when	 it	 comes	 to	 different	 receiving	
devices	such	as	phones.	Therefore,	 the	receiving	and	 transmitting	devices	 is	always	 the	same.	
Another	delimitation	 is	conducting	an	 investigation	of	RSSI.	The	 thesis	relies	on	 the	 literature	
for	the	purpose	of	gathering	information	about	RSSI	behaviour.		
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1.4	Research	questions	
In	 order	 to	 examine	 if	 iBeacons	 and	 Bluetooth	 Smart	 are	 suitable	 for	 indoor	 positioning,	 the	
following	main	research	question	has	been	formulated.		

Is	Bluetooth	Smart	a	viable	choice	for	the	purpose	of	building	an	indoor	positioning	system?	

To	answer	the	main	research	question,	the	following	sub-questions	are	formulated.	

1. What	 positioning	 algorithms	 can	 be	 utilized	 within	 Bluetooth	 Smart	 and	 similar	 radio	
technologies?	

2. How	does	 these	positioning	algorithms	perform	against	each	other	 in	 terms	of	accuracy,	
setup	and	implementation?		

3. What	advantages	and	disadvantages	does	a	Bluetooth	Smart	 system	 implementing	 these	
positioning	algorithms	have	compared	to	other	radio	technologies?	

1.5	Outline	
First	 a	 literature	 review	 is	 presented	 with	 the	 theoretical	 and	 conceptual	 framework.	 The	
conceptual	framework	presents	basics	ideas	and	knowledge	that	are	necessary	to	have	in	order	
to	 grasp	 the	 study.	The	 theoretical	 framework	presents	previous	 studies	 in	 similar	 fields	 and	
how	 positioning	 approaches	 were	 implemented	 in	 those	 cases.	 Furthermore,	 with	 the	
theoretical	framework,	the	tools	to	implement	the	study	are	presented	and	selected.	Following	
the	 conceptual	 and	 theoretical	 framework,	 the	 implementation	 is	 presented.	 The	
implementation	builds	upon	what	is	learned	in	the	theoretical	and	conceptual	framework.	After	
the	 implementations,	 the	 results	 are	 presented.	 Following	 this,	 a	 results	 discussion	 and	
feedback	to	research	questions.	Finally,	conclusions	and	thoughts	on	future	work	are	presented.		
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2 Literature	review		
The	 literature	 review	 chapter	 is	 split	 up	 into	 two	 parts,	 the	 conceptual	 and	 theoretical	
framework.	 The	 former	 part,	 the	 conceptual	 framework,	 provides	 insight	 into	 the	 underlying	
structures	 e.g.	 the	 Bluetooth	 stack	 and	 the	 basic	 principles	 of	 positioning	 techniques.	 These	
concepts	 are	 fundamental	 knowledge	 to	 the	 reader	 if	 they	wish	 to	 grasp	 the	whole	 setting	 in	
which	 this	 research	 takes	 place.	 The	 latter	 part,	 the	 theoretical	 framework	 describes	 the	
different	scientific	reports	from	which	the	theories	on	which	this	work	builds	upon	have	been	
gathered.	These	works	are	summarized	and	important	aspects	have	been	highlighted.	

2.1	Conceptual	framework	

2.1.1	Bluetooth	
In	1994,	engineers	at	Ericsson	developed	the	first	version	of	what	was	to	become	Bluetooth.	The	
original	 purpose	 of	 this	 development	 was	 to	 create	 a	 wireless	 headset	 and	 replace	 various	
cables	associated	with	a	cell	phone.	Since	then,	Bluetooth	has	grown	into	much	more	fields	and	
is	 now	 utilized	 in	 many	 applications,	 but	 the	 common	 denominator	 is	 of	 course,	 wireless	
communication.	 In	 1998	 Ericsson,	 Nokia,	 Intel,	 IBM	 and	 Toshiba,	 decided	 to	 collaborate	 and	
formed	 the	 Bluetooth	 Special	 Interest	 Group	 (Bluetooth	 SIG).[1]	 Since	 then,	 nobody	 owns	 the	
Bluetooth	 technology.	 The	 Bluetooth	 SIG	 is	 a	 cooperation	 between	 over	 25000	 member	
companies.[2]		

To	use	the	Bluetooth	intellectual	property	in	its	products,	a	company	must	become	member	of	
the	 Bluetooth	 SIG.	 This	 group's	 purpose	 is	 to	 define	 the	 standards	 and	 specifications	 in	 the	
Bluetooth	 stack.	 Among	 these,	 is	 a	 range	 of	 different	 settings	 and	 profiles	 developed	 and	
tailored	 for	 special	 purposes	 such	 as	 audio	 streaming	 and	 remote	 control	 functionality.	 The	
latest	 version	 of	 Bluetooth	was	 released	 on	December	 02,	 2014.[3]	The	 latest	 update	 includes	
some	improvements	towards	supporting	the	development	of	the	internet	of	things	concept.[4]		

The	Bluetooth	core	specification	provides	developers	with	both	link	layer	and	application	layer	
definitions.	Bluetooth	wireless	communication	operates	in	the	industrial,	scientific	and	medical	
band	 (ISM)	 at	 2.4	 -	 2.85	 GHz.	 The	 technology	 utilizes	 a	method	 called	 frequency	 hopping	 to	
minimize	 interference	 from	other	 radio	 technologies	 operating	 in	 the	 same	band.	These	hops	
are	 usually	 performed	 at	 a	 rate	 of	 1	 600	 hops	 per	 second.	 This	 is	 called	 adaptive	 frequency	
hopping,	 the	algorithm	applied	searches	 for	other	devices	 in	the	defined	spectrum	and	adapts	
its	 hopping	 sequence	 to	 minimize	 interference.	 The	 range	 that	 Bluetooth	 operates	 within	 is	
relative	 short	 compared	 to	 other	 radio	 communications.	 The	Bluetooth	 SIG	has	defined	 three	
range	classes	for	Bluetooth	radios.	These	are	Class	1,	Class	2	and	Class	3	with	a	range	set	of	100	
meters,	10	meters	and	1	meter	respectively.[5]			

To	 enable	 two	 different	 devices	 to	 communicate	 with	 each	 other,	 usually	 a	 pairing	 or	 a	
connection	needs	to	be	performed.	Not	all	devices	are	designed	to	be	able	to	be	connected	with	
each	other,	 for	instance	a	Bluetooth	headset	might	not	need	to	be	able	to	communicate	with	a	
Bluetooth	keyboard.	For	 this	purpose,	 the	communications	between	Bluetooth	devices	always	
have	one	master	and	up	to	seven	slave	devices.	A	slave	device	can	only	communicate	with	 its	
master	and	not	to	each	other.	Some	devices	can,	however,	switch	roles	between	being	a	master	
and	 being	 a	 slave.	 Others	 are	 only	 designed	 to	 be	 a	 slave.	 In	 the	 previous	 example	 with	 the	
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Bluetooth	headset	and	keyboard,	 there	 is	really	no	need	for	any	of	 them	to	be	able	to	act	as	a	
master.		

The	connection	between	two	Bluetooth	devices	is	a	three	step	process:[6]	

1. Inquiry	-	This	is	the	greeting	process	where	two	devices	exchange	address	information	
with	 each	 other.	 A	 Bluetooth	 radio	 constantly	 sends	 out	 inquiry	 messages	 on	 the	 32	
different	 defined	 channels	 available	 for	Bluetooth	 communication,	 the	 total	 time	 for	 a	
complete	 inquiry	 scan	 cycle	 is	 10.24	 seconds.[7]	 After	 two	 devices	 have	 exchanged	
addresses	they	are	considered	discovered.		

2. Paging	-	This	is	the	next	step	in	forming	a	connection.	First,	the	intended	master	sends	
out	a	“Page”.	Thereafter,	the	intended	slave	replies	with	the	master’s	device	access	code	
(DAC).	Then	the	master	replies	with	 its	own	frequency	hop	sequence	so	the	slave	unit	
can	communicate	with	it.	Finally,	the	slave	replies	with	its	own	DAC	and	switches	over	
to	the	master’s	channel.		

3. Connection	-	After	the	devices	have	finished	the	paging	process,	they	are	connected.	In	
this	state,	the	master	device	can	communicate	with	the	slave	devices.	The	master	device	
provides	 its	 slaves	with	 a	 three	bit	 identification	 number,	which	 limits	 the	number	 of	
devices	a	master	can	control	to	seven.	The	master	can	put	its	slaves	in	different	modes,	
among	these	are	an	active	mode,	which	is	the	normal	mode	for	communication	and	a	set	
of	different	sleep/power	save	modes.	One	of	these	are	hold	mode,	which	puts	the	slave	
into	sleep	for	a	set	amount	of	time.	

Two	 Bluetooth	 units	 can	 be	 paired.	 In	 this	 process,	 the	 involved	 units	 save	 each	 other	
information	 in	 terms	of	addresses,	names	and	profiles.	When	 they	are	 in	proximity	with	each	
other,	 they	 can	 then	 be	 activated	 automatically.	 The	 pairing	 process	 can	 be	 done	 in	 different	
ways.	Some	pairing	processes	are	just	an	automatic	operation	while	others	require	some	sort	of	
authentication	to	be	entered	in	one	unit	to	claim	the	other	unit.		

2.1.2	Bluetooth	Smart	
Nokia,	 as	 described	 in	 the	 introduction	 chapter,	 introduced	 the	 first	 version	 of	 what	 would	
become	 Bluetooth	 Smart,	 in	 2001.	 This	 technology	 derived	 from	 original	 Bluetooth	 with	 the	
purpose	of	minimizing	power	 consumption	and	optimization	 towards	 communications	where	
less	data	is	being	transferred.	In	2010,	the	Bluetooth	SIG	included	Bluetooth	Smart	in	the	newly	
released	 Bluetooth	 4.0	 stack.	 Bluetooth	 Smart	 is	 not	 backwards	 compatible	 with	 regular	
Bluetooth.	 Consequently,	 there	 are	 three	 types	 of	 Bluetooth	 devices	 now;	 Bluetooth	 Smart,	
Bluetooth	Smart	Ready	and	Bluetooth.	A	Bluetooth	device	and	a	Bluetooth	Smart	Device	cannot	
communicate	with	each	other,	but	devices	that	are	“Bluetooth	Smart	Ready”	can	communicate	
with	both	types	of	Bluetooth.	Most	of	the	newer	smart	phones	are	for	instance	“Bluetooth	Smart	
Ready”.	Laptops	are	 lagging	behind	 in	 introducing	Bluetooth	Smart	Ready	radios.[8]	Apple	has	
now,	however,	introduced	the	technology	in	all	their	major	brands	of	computers.		

The	Bluetooth	Smart	stack	has,	as	stated	before,	derived	from	the	regular	Bluetooth	stack	and	
consists	 of	 a	 controller	 stack	 and	 a	 host	 stack.	 The	 controller	 stack	 handles	 the	 lower	 level	
communication	 layers	 and	 the	 physical	 radio	 while	 the	 host	 stack	 handles	 higher	 level	 of	
communications	 and	 protocols.	 All	 profiles	 and	 applications	 that	 are	 used	 sits	 on	 top	 of	 the	
Generic	 Access	 Profile	 and	 the	 Generic	 Attribute	 Profile.	 A	 short	 description	 of	 the	 protocol	
stack,	from	bottom-up,	is	presented	below	Figure	2.1.[9]	
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Figure	2.1	Bluetooth	Smart	stack’s	architecture.	

Physical	Layer	–	Consists	of	 the	1Mps	 frequency	hopping	radio	operating	 in	 the	2.4	GHz	 ISM	
band.		

Link	Layer	 -	 Controls	 the	 radio	 frequency	 state	 of	 the	 device.	 There	 are	 five	 different	 states.	
These	are	standby,	advertising,	scanning,	initiating	and	connected.	The	advertising	part	is	what	
makes	the	technology	interesting	for	the	purpose	of	creating	an	IPS.	Advertising	is	what	enables	
the	broadcasting	functionality	mentioned	in	the	introduction.		

Host	 -	 Controller	 Interface	 -	 Provides	 standardized	 means	 of	 communication	 between	 the	
controller	stack	and	the	host	stack.	This	layer	can	both	be	implemented	as	a	software	API	or	as	a	
hardware	interface	e.g.	USB	depending	on	the	setup.		

Logical	 Link	 Control	 and	Adaption	Protocol	 -	 Provides	 data	 encapsulation	 services	 for	 the	
upper	layers.		

Security	Manager	-	Defines	methods	for	secure	connection	for	the	other	layers	towards	other	
devices.	Defines	the	methods	for	pairing	and	key	distribution.		

Generic	 Access	 Profile	 -	 Interacts	 with	 the	 overhead	 profiles	 and	 applications.	 Handles	 the	
initiation	of	the	security	protocols	defined	by	the	security	manager.		

Attribute	Protocol	-	Defines	what	type	of	attributes	the	device	is	allowed	to	share	with	other	
devices.	

Generic	 Attribute	 Profile	 -	 This	 framework	 defines	 the	 procedures	 for	 using	 the	 Attribute	
Protocol.	 It	 defines	 what	 attributes	 overhead	 profiles	 and	 applications	 are	 allowed	 to	 use	 in	
their	communication	with	other	devices.		

Advertising	within	Bluetooth	 Smart	 can	 have	 several	 purposes	 besides	 just	 broadcasting.	 For	
instance,	 transmitting	 data	 to	 a	 previously	 paired	 device	 and	 advertising	 presence	 to	 other	
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devices.	 The	 key	 enabling	 factor	 for	 this	 research	 is	 however	 the	 broadcasting	 functionality,	
where	a	device	is	just	simply	advertising	it’s	UUID	at	a	set	interval	continuously.	This	is	what	the	
beacon	and	iBeacon	concepts	build	upon	which	is	discussed	in	the	next	section.			

2.1.3	Commercial	systems	
The	commercial	system,	on	which	this	research	has	been	conducted,	builds	upon	the	Bluetooth	
Smart	stack.	These	systems	are	iBeacon	and	Estimote.	iBeacon	was	introduced	by	Apple	on	the	
World	 Wide	 Developers	 Conference	 in	 June	 2013.	 Utilizing	 the	 iBeacon	 protocol,	 a	 start-up	
company	 called	 Estimote,	 has	 released	 their	 own	 commercial	 beacons.	 In	 the	 next	 two	
subsections,	iBeacon	and	Estimote	is	briefly	described.		

2.1.3.1	iBeacon	
iBeacon	is	a	protocol	for	communications	with	beacons	utilizing	Bluetooth	Smart.	Within	xcode,	
several	methods	to	handle	and	locate	Bluetooth	Smart	beacons	are	provided.	The	main	purpose	
of	iBeacons	is	proximity-based	services.	A	proximity	based	service	triggers	an	action	based	on	a	
device	 entering	 a	 defined	 proximity	 zone.	 For	 instance,	 pushing	 different	 offers	 based	 on	
entering	different	zones	while	strolling	through	a	store.	Proximity	based	services	are	not	limited	
to	 retail,	 there	 is	 plenty	 of	 potential	 in	 other	 sectors	 such	 as	 healthcare,	 transportation	 and	
events.		

With	the	low	energy	consumption	that	is	inherited	from	utilizing	Bluetooth	Smart,	a	beacon	can	
advertise	 for	 years.	 The	 framework	provides	 three	 built	 in	 ranging	measurements.	 These	 are	
immediate	(within	a	couple	of	centimeters),	near	(within	a	couple	of	meters)	and	 far	 (greater	
than	 10	meters).	 These	 predefined	measurement	 values	 derives	 from	measured	 RSSI	 values.	
This	study	does	not	rely	on	these	predefined	measurements,	but	utilizes	RSSI,	which	can	also	be	
retrieving	in	the	protocol.		

By	utilizing	the	ranging	mechanics,	proximity	zones	defined	by	the	predefined	proximities	can	
issue	alerts	to	be	pushed	to	a	device	and	an	application,	even	in	the	background.	Such	an	alert	
can	 enable	 triggers	 such	 as	 launching	 a	 specific	 application	 or	 just	 passing	 a	 notification.	 To	
create	 an	 IPS	 utilizing	 iBeacon,	 the	 RSSI	 feeds	 from	 the	 beacons	 needs	 to	 be	 constantly	
monitored	and	the	application	has	to	be	active	in	the	foreground.	Trademarked	and	patented	by	
Apple	Inc.,	the	iBeacon	concept	is	not	limited	to	iOS	users	only,	since	the	release	of	Android	4.3	
the	first	official	support	for	iBeacon	is	introduced.[10]		

2.1.3.2	Estimote	
Estimote	is	a	producer	and	seller	of	 its	own	beacons	that	are	based	on	and	utilize	the	iBeacon	
protocol.	 The	 company	 also	 provides	 its	 own	 SDK	 that	 provides	 the	 user	 with	 easy	 tools	 to	
utilize	 these	 beacons.	 However,	 these	 are	 not	 utilized	 in	 the	 report.	 Estimote	 is	 constantly	
introducing	 new	 functionalities	 to	 this	 SDK.	 In	 fact,	 Estimote	 did	 release	 its	 own	 Indoor	
Positioning	 System	 with	 a	 separate	 SDK	 this	 fall.	 Estimote	 do	 not	 reveal	 much	 of	 how	 its	
algorithm	is	implemented,	which	is	reasonable	to	maintain	a	competitive	edge.	The	company	do	
reveal	that	it	is	a	combination	of	trilateration,	particle	filtering	and	sensor	fusing.[11]	

“All	of	the	complicated	work	is	done	under	the	hood	by	a	system	our	engineers	and	data	scientists	
spent	 months	 of	 engineering	 time	 developing,	 incorporating	methods	 like	 trilateration,	 particle	
filtering	and	sensor	fusion.”	
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In	 this	 comparative	 study,	 the	 performance	 of	 a	 trilateration	 approach	 and	 a	 fingerprinting	
approach	 is	 evaluated.	 An	 interesting	 angle	 would	 also	 be	 to	 compare	 it	 with	 this	 recently	
introduced	system	by	Estimote.	However,	this	is	comparison	is	left	out	for	two	reasons.	Firstly,	
there	is	little	insight	into	how	exactly	the	algorithm	works.	Secondly,	there	is	an	extra	charge	to	
purchase	this	separate	API.	

2.1.4	Received	signal	strength	indicator	
As	 briefly	 discussed	 in	 the	 introduction,	 the	 RSSI	 parameter	 can	 be	 utilized	 to	 determine	
distance.	This	can	be	done	by	utilizing	the	relationship	between	the	received	signal	strength	at	a	
test	point,	and	the	received	signal	strength	at	the	distance	of	one	meter	from	the	transmitting	
beacon.	 In	 [16][17][23]	 formulas	 on	 how	 to	 perform	 these	 calculations	 and	 the	 overall	
properties	 of	 this	 measurement,	 are	 presented.	 Besides	 the	 two	 measurements	 of	 RSSI,	 a	
constant	 that	 describes	 the	 signals’	 ability	 to	 propagate	 in	 the	 room,	 this	 constant	 can	 be	
calculated	if	you	use	a	known	distance	to	a	beacon.		

Throughout	the	theoretical	framework,	RSSI	as	a	deciding	parameter	for	positioning	techniques	
is	 described	 as	 an	 uncertain	 factor.	 But	 to	 be	 able	 to	 construct	 an	 IPS	 built	 on	 the	 iBeacon	
technology,	 RSSI	 is	 the	 only	 available	 tool	 to	 determine	 distance	 and	 enable	 utilizing	 the	
positioning	techniques	described	in	the	next	section.	

2.1.5	Positioning	techniques	
In	the	previous	section	about	commercial	systems,	it	was	described	that	the	iBeacons	primary	
purpose	is	proximity	based	services.	These	services	are	not	to	be	confused	with	the	term	Indoor	
Positioning	System.	In	this	report,	referring	to	Indoor	Positioning	System	refers	to	a	system	that	
actually	determines	a	position	and	not	a	distance	to	a	known	location.	In	the	literature	study	it	
was	 revealed	 that	 there	 are	 two	 primary	methods	 that	 fits	 this	 purpose.	 These	 are	 the	 non-
trainable	trilateration	approach	and	the	trainable	fingerprinting	approach.	

2.1.5.1	Trilateration	
Trilateration	 is	one	of	 the	two	key	positioning	techniques	that	have	been	 implemented	 in	 this	
research.	 It	 is	 interchangeably	 confused	 with	 triangulation,	 even	 in	 research	 papers.	 The	
difference	 between	 these	 two	 positioning	 techniques	 is	 that	 triangulation	 utilizes	 angles	 to	
determine	position	whileas	trilateration	utilizes	distances.		

In	order	to	conduct	trilateration	in	two	dimensions,	one	needs	at	least	three	known	distances	to	
three	known	reference	points.	From	one	reference	point	and	a	known	distance,	a	perimeter	can	
be	 identified.	 This	 is	 a	 circle	 of	 possible	 positions	 surrounding	 the	 reference	 point.	With	 two	
reference	 points	 and	 known	 distances,	 two	 intersecting	 points	 can	 be	 identified,	 thus	 two	
possible	positions.	With	three	reference	points	and	known	distances,	the	third	reference	point	
and	distance	can	rule	out	the	false	possible	position	from	the	case	with	only	two.	Under	perfect	
conditions,	 the	 perimeters	 formed	 from	 the	 distance	 to	 each	 of	 the	 three	 reference	 points,	
intersect	 at	 a	 one	 point,	 as	 seen	 in	 Figure	 2.2.	 In	 this	 study,	 exact	 distances	 and	 perfectly	
intersecting	perimeters	have	usually	not	been	the	case,	which	means	a	best-fit	approach	needs	
to	 be	 applied.	 Throughout	 the	 literature	 review	 presented	 in	 this	 chapter,	 least	 square	
estimation	 has	 been	 the	 dominant	 approach	 for	 this.	 This	 is	 further	 elaborated	 upon	 in	 the	
theoretical	framework.	
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Figure	2.2	Basics	of	Trilateration.	Solve	(x,	y)	to	find	location.	

There	 are	 several	 ways	 to	 determine	 distances	 towards	 these	 references	 points.	 In	 GPS,	 an	
approach	called	ToA	was	used.	In	this	research,	such	calculations	were	more	difficult	given	the	
framework	 not	 providing	 the	 tools	 to	 use	 a	 ToA	 approach.	 The	 only	 option	 to	 perform	
trilateration	is	to	utilize	the	loss	of	signal	strength	to	estimate	distance	to	beacons.		

2.1.5.2	Fingerprinting	
A	 fingerprinting	 algorithm	 or	 approach	 is	 a	 trainable	 positioning	 technique	 that	 has	 some	
resemblances	 with	 radar	 technology.	 Radar	 repeatedly	 maps	 the	 landscape,	 and	 observes	
changes	within	 it.	The	changes	can	be	moving	objects,	or	 if	 the	platform	itself	moves	 it	can	be	
relative	 changes	 within	 the	 landscape.	 A	 fingerprinting	 algorithm	 builds	 on	 the	 principles	 of	
creating	a	radio	map.	This	radio	map	is	a	set	of	recorded	reference	points	at	different	locations.	
In	the	case	of	creating	an	IPS	based	on	beacons,	the	recorded	data	consists	of	the	RSSI	from	each	
beacon	at	these	points.	This	radio	map	is	not	constantly	updated	like	regular	radar	technology,	
but	is	now	a	database	of	reference	points.	When	users	of	the	system	want	to	locate	themselves	
within	it,	they	use	this	database	of	reference	system	to	figure	out	what	reference	points	they	are	
closest	 to.	 There	 are	 several	 methods	 to	 do	 this,	 in	 the	 theoretical	 framework	 two	 different	
approaches,	used	in	previous	studies,	are	accounted	for.	[21][23]	The	basics	are	the	same	however,	
they	both	utilizes	the	Euclidean	distance	from	the	tested	point	to	the	reference	points.	After	this,	
the	approaches	differ	in	terms	of	how	they	handle	and	decide	what	points	are	the	closest.	The	
reference	sets	are	different	in	these	reports,	[21]	have	a	dataset	of	every	recorded	instance	in	
each	 position	 while	 [23]	 utilizes	 a	 mean	 value.	 This	 means	 that	 in	 [21]	 a	 test	 point	 can	 be	
matched	to	the	same	coordinates	several	times	and	in	[23]	it	cannot.	In	this	thesis,	an	approach	
more	similar	to	[23]	is	utilized,	which	is	further	elaborated	upon	in	the	implementation	chapter.	
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2.1.6	Related	fields	
In	 this	 section,	 related	 fields	 to	Bluetooth	 and	Bluetooth	 Smart	 are	 described.	 In	 these	 fields,	
approaches	 utilizing	 fingerprinting,	 trilateration	 and	 RSSI	 are	 common.	 Due	 to	 the	 limited	
research	 fields	 of	 Bluetooth	 and	 especially	 Bluetooth	 Smart,	 this	 literature	 review	 has	 been	
conducted	in	such	a	manner	that	these	closely	related	fields	have	been	examined	as	well.		

2.1.6.1	Wi-Fi	
Wi-Fi	 is	a	wireless	 local	area	network	technology	which	usually	utilizes	the	same	2.4	GHz	ISM	
band	that	Bluetooth	utilizes.	Another	common	band	is	the	5	GHz	band	that	has	been	introduced	
in	more	recent	versions.	These	are	the	two	most	common	bands,	some	routers	can	operate	 in	
both	of	these	bands.	This	technology	is	called	dual	band,	and	it	requires	the	router	to	have	two	
built	 in	 radios.[12]	 The	 next	 up	 and	 coming	 commercial	 system	 will	 be	 802.11ad,	 which	 will	
differs	from	the	previous	protocols	and	operates	in	the	60	GHz	frequency	band.	This	allows	for	
transfers	 up	 to	 6.75	 GBit/s	 at	 distances	 shorter	 than	 10	 meters.	 The	 development	 of	 this	
protocol	seeks	to	eliminate	the	need	for	many	cables.[13]	The	reviewed	papers	in	the	theoretical	
framework	builds	on	the	protocols	802.11g	and	802.11b.	Both	of	these	operate	in	the	2.4	GHz	
ISM	band.	These	are	as	state	the	same	bands	as	Bluetooth	and	Bluetooth	Smart.	Wi-Fi	also	has	
transmission	 strength	 more	 similar	 to	 Bluetooth	 Smart.	 These	 factors	 make	 the	 insights,	
conclusions	and	information	gathered	from	this	field	relevant.	

2.1.6.2	Wireless	Sensor	Networks	
Wireless	sensor	networks	(WSN)	are	networks	of	distributed	wireless	nodes	and	sensor	put	in	
place	 to	 monitor	 some	 kind	 of	 activity.	 Within	 this	 field	 it	 is	 sometimes	 important	 for	 the	
sensors	 and	 nodes	 to	 identify	 their	 positions	 towards	 other	 sensor	 within	 the	 network.	 For	
instance,	 a	WSN	can	be	deployed	 for	 the	purpose	of	monitoring	an	area.	 If	 the	 sensors	are	 to	
monitor	 this	 area,	 then	 they	need	 to	know	how	 they	are	positioned	 in	 relation	 to	 each	other.	
There	thus	is	much	research	on	how	this	mapping	process	shall	be	conducted.	Usually,	there	are	
some	identified	reference	nodes	where	the	exact	position	is	known.	Additionally,	there	are	blind	
nodes	where	the	positions	are	not	known.	A	blind	node	can	be	identified	from	the	information	
received	 from	 the	 reference	nodes.	 The	 approach	utilized	 to	 identify	 these	 can	be,	 ToA,	RSSI,	
AoA	etc,	there	are	no	defined	standard	it	is	system	specific.	One	scientific	report	from	the	field	
of	WSN	is	described	in	the	theoretical	framework.[17]	This	report	focuses	on	the	properties	and	
reliability	of	RSSI	to	determine	distances	between	nodes.		

2.1.6.3	GSM	
Is	a	second	generation	mobile	communications	system	(2G)	first	deployed	in	Finland	in	1991.[14]	
Today,	 it	 is	 the	most	well	established	second	generation	system	in	the	world.[15]	One	scientific	
report	 has	 been	 gathered	 from	 this	 field.	 It	 presents	 models	 to	 predict	 path	 loss	 in	 indoor	
environments.	[16]	This	is	the	oldest	report	presented	in	the	theoretical	framework.	Later	work,	
presented	 in	 the	 theoretical	 framework,	 build	 on	 the	 same	 principles	 when	 it	 comes	 to	 the	
properties	of	RSSI.	

2.2	Theoretical	framework	
In	 this	 subchapter,	 the	 theoretical	 framework	 of	 this	 study	 is	 presented.	 These	 articles	 and	
research	 papers	 have	 been	 gathered	 from	 the	 fields	 of	 Bluetooth,	 Bluetooth	 Smart	 and	 the	
related	fields	described	in	the	previous	section.	Further	articles	and	research	that	have	been	in	
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interest	focus	on	the	two	introduced	positioning	techniques	trilateration	[18][20][22][23]	and	
fingerprinting,	[19][21][23]	and	also	work	that	addresses	RSSI	such	as	[16][17][19][23].	

2.2.1	GSM/Mobile	

2.2.1.1	914	mhz	path	loss	prediction	models	for	indoor	wireless	communications	
in	multifloored	buildings	
In	 [16]	 the	 path	 loss	 of	 received	 signal	 strength	 within	 the	 914	 MHz	 band	 in	 indoor	
environments	is	investigated.	This	band	is	for	mobile	traffic	and	the	purpose	of	the	paper	is	to	
examine	indoor	conditions	of	signal	path	decay	for	future	deployment	of	mobile	access	points.	
Even	though	the	models	of	path	loss	are	constructed	for	this	particular	band,	the	authors	argue	
that	these	models	can	be	applied	for	the	whole	low	microwave	band	(1-5	GHz).	This	argument	
excludes	 the	 multi-floored	 models	 for	 which	 they	 suggest	 that	 more	 research	 need	 to	 be	
conducted.		

In	their	test	bed	they	have	four	multi-floored	structures,	a	grocery	store,	a	retail	store	and	two	
office	buildings.	They	 introduce	two	types	of	obstacles,	concrete	walls	and	soft	partitions.	The	
soft	 partitions	 are	 an	 arbitrary	 expression	 describing	 a	 range	 of	 obstacles	 not	 as	 thick	 as	
concrete	walls,	 for	 instance	 separator	walls	 positioned	 in	 the	 office	 landscape.	 For	 each	 path	
loss	measurement	they	collect	a	set	of	data.	These	values	are:		

! Median	path	loss	
! Blueprints	for	the	measured	building	
! Exact	location	of	transmitter	
! Exact	location	of	receiver	
! Transmitter-receiver	Euclidean	distance	
! Numbers	of	floors	between	transmitter	and	receiver	
! Number	of	concrete	walls	between	the	transmitter	and	receiver	
! Number	of	soft	partitions	between	the	transmitter	and	receiver	

From	previous	work,	the	authors	have	set	up	a	range	of	prediction	models	 in	order	to	predict	
the	path	loss	on	each	measurement.	They	set	up	a	distance	dependent	path-loss	model,	a	floor	
attenuation	factor	path	loss	model	and	a	soft	partition	concrete	wall	attenuation	factor	model.	
These	 three	 models	 resulted	 in	 an	 overall	 5,8	 dB	 standard	 deviation	 in	 predicted	 versus	
measured	 path	 loss.	 (2.1)	 describes	 the	 same	 floor	 path	 loss	 prediction	model.	PL(d)	 is	 the	
mean	 path	 loss,	 PL(d0)	 is	 the	 path	 loss	 at	 the	 reference	 distance	 d0	 and	 n	 is	 the	 path	 loss	
constant.	

	 !"(!) [!"]  =  !"(!!)[!"]  +  !"×!×!"#!" !
!!

	 	 	 (2.1)	

From	all	measurements	it	was	concluded	that	the	average	path	loss	through	soft	partitions	was	
1.39	dB	and	through	the	concrete	walls	was	2.38	dB.	In	the	concluding	arguments,	the	authors	
highlight	 these	 averages	 for	 all	 measured	 data	 as	 well	 as	 concluding	 that	 site	 specific	
information	can	be	used	to	predict	path	loss	with	a	standard	deviation	of	5.8	dB.	Furthermore,	
they	point	out	that	the	path	loss	constant	rises	when	more	obstacles	are	introduced	to	the	room.	
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2.2.2	Wireless	Sensor	Networks	

2.2.2.1	Evaluation	of	the	reliability	of	RSSI	for	Indoor	Localization	
WSN	is	a	field	where	much	research	has	been	conducted.	With	their	article,	the	authors	of	[17],	
aim	 towards	 investigating	 the	 properties	 of	 RSSI	 and	 how	 reliable	 it	 is	 for	 the	 purpose	 of	
localization.	In	indoor	environments	of	WSN	deployment,	RSSI	ranging	is	a	well	used,	but	not	a	
sufficiently	 investigated	 method	 to	 locate	 sensor	 nodes.	 This	 is	 why	 the	 authors	 intend	 to	
investigate	the	reliability	of	the	approach.		

Also	 introduced	 in	 [16],	 but	 in	 [17]	 better	 fitted	 for	 the	purpose	of	 calculating	distance	 from	
RSSI	measurements,	this	article	introduces	the	relationship	between	path	loss	in	the	free	room	
as	well	as	the	obstructed	room,	and	a	distance	dependent	path-loss	model.	In	(2.2)	the	path	in	
optimal	conditions	is	described.	Pr	 is	the	received	power	and	d	 is	the	distance	travelled	in	the	
unobstructed	room.	

!! ∝ !!!	 	 	 	 	 (2.2)	

(2.2)	express	an	ideal	relationship	between	the	distance	the	path	loss	that	is	seldom	the	case	in	
the	real	world.	The	variable	n,	called	the	room	constant	can	be	introduced	in	order	to	improve	
the	model.	

!! ∝ !!!	 	 	 	 	 (2.3)	

	

(2.4)	describe	a	simplified	version	of	 the	 formula	described	 in	(2.1).	Since	d0	 is	set	 to	be	one	
meter,	it	can	be	eliminated	from	the	formula.	

!""# = !"×! !"#!" ! +  !		 	 	 (2.4)	

These	equations	lay	the	foundation	of	the	scientific	test	bed	in	the	article.	The	test	is	conducted	
in	one	test	setting.	The	room	selected	for	the	test	is	a	straight	corridor,	with	a	concrete	wall	on	
one	side	and	a	glass	wall	on	the	other.	Measurements	were	taken	at	several	points	amongst	the	
path	between	 the	 transmitter	 and	 the	 receiver	while	 the	 receiver	was	moving	away	 from	 the	
transmitter	along	the	corridor.		

Two	 reference	 curves	were	 produced,	 one	 curve	 is	 derived	 from	 (2.4)	and	 another	 from	 the	
gathered	data.	After	an	evaluation,	it	is	concluded	that	the	formula	based	reference	curve	is	the	
preferable	choice.	After	the	establishment	of	a	reference	curve,	the	reliability	of	RSSI	as	means	
for	 localization	 was	 evaluated	 using	 four	 approaches	 for	 handling	 the	 data.	 These	 were	
compared	to	the	reference	curve	and	they	are:	

! Raw	data	
! Moving	average	method	
! Weighted	average	method	
! Curve	fitting	method	

The	moving	average	and	weighted	average	methods	are	the	two	methods	that	best	conforms	to	
the	reference	curve.	The	authors’	concluding	remarks	are	that	RSSI	is	unsuitable	for	the	purpose	
of	 locating	 a	 mobile	 node.	 Worth	 considering,	 however,	 is	 that	 this	 observation	 applies	 to	
determining	 distance	 from	 one	 source	 to	 one	 receiver.	 Observing	 the	 graphs	 displayed	 it	 is,	
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however,	 obvious	 that	 a	method	 of	 handling	 the	 data	with	 some	 type	 of	 averaging	 or	 fitting	
greatly	increases	the	accuracy	of	determining	distance	from	RSSI.		

2.2.3	Wi-Fi	

2.2.3.1	Indoor	position	detection	using	Wi-Fi	and	trilateration	technique	
The	 authors	 of	 [18]	 suggest	 using	 a	 trilateration	 technique	 and	Wi-Fi	 technology	 to	 perform	
location	 based	 services	 in	 indoor	 environments	 where	 GPS	 is	 insufficient.	 They	 present	 a	
growing	 market	 in	 LBS	 outdoors	 using	 GPS	 and	 suggest	 transferability	 into	 indoor	
environments.	 This	 is,	 nevertheless,	 not	 feasible	 due	 to	 the	 disturbing	 factors	 on	 GPS	 signals	
from	structures.		

To	circumvent	disturbing	factors,	the	authors	recognize	some	methods	as	useful	options	in	IPS	
deployment.	Without	a	comparative	discussion	regarding	benefits	and	disadvantages	between	
these,	 they	 settle	 for	 proposing	 trilateration	 as	 a	 means	 for	 indoor	 positioning.	 This	 can	 be	
motivated	 by	 the	 fact	 that	 it	 is	 a	 theoretical	 article	 suggesting	 an	 approach	 to	 a	 problem,	
entailing	that	the	authors	have	not	actually	investigated	the	aspects	to	argue	for	one	technique	
over	the	other.		

The	authors	suggest	a	system	for	positioning	in	the	XY-plane	using	three	Wi-Fi	access	points.	If	a	
position	 in	 the	 XYZ-plane	 is	 to	 be	 determined	 another	 access	 point	 is	 needed.	 They	 suggest	
using	a	formula	that	has	a	 linear	relation	between	increasing	distances	and	diminishing	signal	
strength	to	calculate	the	distance	from	signal	strength.	This	is	opposed	to	how	the	signal	decay	
is	presented	in	[16][17].	From	one	access	point,	(2.5)	describes	the	distance	between	it	and	the	
prospected	receiver.				

									(! − !!)  + (! − !!) = !!! 		 	 	 	 (2.5)	

From	three	access	points	a	system	of	equations	for	these	circle	radiuses	can	be	set	up.	Satisfying	
this	 system	will	 provide	 the	 coordinates	 in	 the	 Cartesian	plane	 for	 the	 sought	 location	 of	 the	
receiver.	The	article	suggests	this	approach	for	a	solution	to	the	problematic	circumstances	of	
providing	location-based	services	indoors.		

2.2.3.2	Properties	of	indoor	received	signal	strength	for	wlan	location	
fingerprinting	
In	their	work,	the	authors	of	[19]	aim	to	investigate	the	properties	of	received	signal	strength	
(RSS)	in	a	positioning	system	based	on	fingerprinting.	The	study	raises	an	important	aspect	of	
investigating	the	properties	of	RSS	fingerprinting	before	building	a	positioning	system	based	on	
RSS.	 The	 authors	 have	 noticed	 an	 increased	 amount	 of	 research	 in	 the	 field	 of	 fingerprinting	
based	positioning	using	Wi-Fi,	but	most	work	in	this	field	has	ignored	the	properties	of	RSS.	In	a	
non-static	indoor	environment,	which	is	basically	anywhere	one	could	aspire	to	deploy	an	IPS,	
the	RSS	 is	exposed	 to	disturbances	unlike	a	 static	environment	where	most	 studies	has	 taken	
place.	By	investigating	the	properties	of	RSS,	the	authors	wish	to	contribute	insight	on	how	to	
model	and	construct	future	fingerprinting	based	IPS.	

The	 authors’	 note	 that	 it	 is	 problematic	 when	 utilizing	 GPS	 indoors	 and	 suggest	 that	 a	
fingerprinting	method	is	easy	to	deploy,	when	compared	to	an	Angle	of	Arrival	(AoA)	or	Time	
Difference	of	Arrival	(TDoA)	method.	This	is	due	to	the	fact	that	there	is	no	need	for	specialized	
hardware	 on	 the	 receiving	 end.	 They	 do	 not	 consider	 a	 comparison	 with	 Time	 of	 Arrival	
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techniques.	Furthermore,	they	describe	the	implementation	of	a	fingerprinting	based	system	in	
their	introduction.	A	location	fingerprint	database	or	a	radio	map	needs	to	be	constructed	before	
such	 a	 system	 can	 be	 functional.	 This	 is	 a	 database	 containing	 information	 on	 a	 set	 of	
coordinates	in	the	room	where	the	fingerprinting	system	is	deployed.	On	these	coordinates	each	
RSS	from	all	available	sources	is	recorded.	Each	location	gets	a	unique	fingerprint	from	the	set	
of	 transmitters	 that	 is	 unique	 to	 every	 location.	 These	 fingerprints	 are	 collected	 over	 a	 set	
amount	of	time	to	produce	a	mean	value.	In	their	study,	the	authors	use	three	access	points	to	
record	a	radio	map.		

Among	the	set	of	properties	of	RSS	that	 the	authors	 test	 in	 their	study,	 there	 is	 the	effect	of	a	
user’s	 presence	 on	 RSS,	 statistical	 properties	 of	 RSS,	 properties	 of	 multiple	 RSS	 at	 a	 single	
location,	and	properties	of	RSS	at	different	locations.	From	the	properties	of	user’s	presence	on	
RSS,	the	authors	conclude	that	a	user’s	presence	increase	the	standard	deviation	on	dBm	from	
0.68	dBm	to	3.0	dBm.	The	orientation	of	the	user	is	of	great	importance	since	the	human	body	
consists	 of	 nearly	 70%	water,	 the	 RSS	 is	 absorbed	 when	 the	 user	 obstructs	 the	 signal	 path.	
When	 investigating	 the	 statistical	 properties,	 they	 conclude	 that	 RSS	 distribution	 may	 be	
stationary.	From	the	properties	of	multiple	RSS	at	a	single	 location	 the	authors	claim	that	 the	
access	point	signals	are	uncorrelated.	The	investigation	of	RSS	at	different	location	suggest	that	
with	 a	 small	 set	 of	measurement	 points,	 two	 access	 points	 is	 enough	 to	 create	 a	 radio	map.	
These	are	some	of	the	many	properties	investigated	in	the	study.		

2.2.3.3	A	Weighted	Center	of	Mass	based	Trilateration	Approach	for	Locating	
Wireless	Devices	in	Indoor	Environment	
In	[20]	the	author	suggests	and	evaluates	a	weighted	trilateration	approach	using	trilateration	
and	Kalman	 filtering.	 The	 suggested	weighting	 algorithm	 awards	 less	 attenuated	RSSI	 signals	
with	higher	weights,	thus	giving	these	a	greater	impact	when	calculating	a	position.		

In	 the	 theoretical	 background,	 the	 author	 accounts	 for	 a	 range	 of	 different	 positioning	
techniques	 and	 introduces	 two	 major	 groups	 of	 algorithms.	 These	 are	 trainable	 and	 non-
trainable	algorithms.	A	trainable	algorithm	is	one	that	requires	an	initial	learning	phase	before	
it	 can	be	deployed,	 for	 instance	 fingerprinting.	A	non-trainable	algorithm	 is	one	 that	does	not	
require	any	training	before	it	is	deployed,	for	instance	trilateration.		

The	 author	 divides	 the	 proposed	 algorithm	 in	 two	 phases,	 in	 the	 first	 phase	 RSSI	 values	 are	
converted	 into	distance	using	 the	path	 loss	equation	explained	 in	 [16][17]	as	well	as	 in	 [20].	
The	next	phase	consist	of	 three	steps,	 in	 this	phase	 the	 location	estimation	 is	executed.	 In	 the	
first	 step,	 circles	 are	 drawn	 from	each	 access	 point	 given	by	 the	 calculated	distance	 in	 phase	
one.	The	 intersection	of	 each	 circle	with	all	 the	other	 forms	a	 set	of	 coordinates	 in	 a	polygon	
with	 n	 number	 of	 sides	 depending	 on	 the	 amount	 of	 access	 points	 and	 intersections.	 In	 the	
second	step,	these	polygons	are	divided	into	triangles.	An	n	sided	polygon	forms	n	-	2	triangles.	
These	triangles	are	assigned	coordinates	for	their	centre	of	mass	based	on	the	RSSI	strength	of	
the	 coordinated	 forming	 these.	When	 the	 center	 of	 all	 the	 triangles	 have	 been	 calculated,	 the	
process	can	be	repeated	until	there	is	one	centre	of	mass	for	the	polygon.	In	the	third	step,	the	
process	is	repeated	for	each	polygon	formed	by	the	access	points.		

A	Kalman	 filter	 is	 also	 applied	 and	 tested.	 It	 is	 evaluated	 and	 applied	 in	 both	phases,	 in	 each	
individual	phase,	and	in	neither	of	the	phases	as	a	comparison.	A	Kalman	filter	is	a	mathematical	
model	for	noise	elimination.	It	consists	of	two	steps.	In	the	first	step	a	time	update	(prediction)	
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is	 performed	 and	 in	 the	 second	 step	 a	 measurement	 update	 (correction)	 is	 performed.	 The	
Kalman	filter	is	a	recursive	equation	that	memorizes	some	attributes	from	earlier	stages	while	
becoming	more	invariable	for	each	iterative	step.			

In	total,	the	author	compares	the	performance	of	12	different	approaches	to	estimate	position.	
The	algorithm	with	the	best	performance,	in	terms	of	low	average	errors,	was	weighted	center	
of	mass	trilateration	using	a	Kalman	filter	in	both	stages.		

2.2.4	Bluetooth	

2.2.4.1	Bluetooth	Indoor	Positioning	
The	 author	 of	 [21]	 recognizes	 the	 accelerated	progression	 of	 location	based	 services	 and	 the	
gap	between	the	well	established	outdoor	platform	GPS	and	an	indoor	counterpart.	The	author’s	
solution	 in	 this	 particular	 paper	 is	 a	 trainable	 fingerprinting	 algorithm	 based	 on	 regular	
Bluetooth	 that	 is	 to	act	as	a	 support	 system	 to	outdoor	GPS.	The	approach	 that	 is	 chosen	 is	a	
fingerprinting	 algorithm	based	on	RSSI.	 The	 author	describes	 an	 offline	phase,	where	 a	 radio	
map	 is	 created	 by	 recording	 the	 RSSI	 from	 the	 set	 of	 m	 beacons,	 for	 each	 chosen	 (x,	 y)	
coordinate	 in	 the	 room.	 During	 the	 online	 phase,	 the	 RSSI	 values	 received	 at	 a	 location	 is	
compared	to	the	database	of	recorded	RSSI	values	from	different	locations.	The	author	utilizes	
three	 different	 algorithms	 to	 compare	 the	 data.	 These	 are	 k-Nearest	 Neighbour,	 regression	
based	on	k-Nearest	Neighbour	and	Naïve	Bayes	classifier.	

The	k-Nearest	Neighbour	algorithm	is	based	on	observing	the	Euclidean	difference	in	RSSI	from	
to	 the	 different	 recorded	 coordinates	 RSSI	 values.	 The	 choice	 of	 k	 determines	 the	 number	
coordinates	to	be	selected	in	increasing	Euclidean	distance	from	the	recorded	input	data	to	the	
reference	points.	When	k	number	of	coordinates	has	been	selected	 from	the	reference	set	 the	
selected	set	gets	an	equal	vote	in	determining	the	current	location.	According	to	the	author,	this	
is	a	drawback.	Building	upon	the	k-NN	algorithm	a	regression	approach	is	also	applied.		

The	third	algorithm	applied	by	the	author	is	the	Naïve	Bayes	classifier	based	Bayes	theorem.	In	
the	 case	 of	 the	 author’s	 study,	 the	 decision	 rule	 inherited	 by	 this	 approach	 leads	 to	 simply	
selecting	the	coordinate	in	the	training	set	that	has	the	highest	probability.	

In	the	conclusion,	the	author	states	that	the	k-NN	regression	algorithm	provided	the	best	results	
in	 the	 study	 using	k	=	 7.	 Furthermore,	 the	 author	 states	 that	 Bluetooth	 has	 the	 advantage	 of	
having	a	stronger	and	more	stable	signal	 than	WLAN.	However,	 the	 lack	of	beacons	 in	regular	
Bluetooth	is	a	weakness.	The	precision	of	the	system	is	concluded	to	be	good	with	a	50%	chance	
of	being	within	1.5	meters	calculated	position	in	a	static	setting.	

2.2.4.2	Bluetooth	Indoor	Positioning	using	RSSI	and	Least	SquareEstimation	
In	their	article,	the	authors	of	[22]	suggest	an	IPS	utilizing	regular	Bluetooth,	RSSI	to	obtain	the	
distance	 and	 trilateration	 as	 the	 positioning	 method.	 To	 convert	 the	 signal	 strength	 into	
distance,	 the	 authors	 use	 the	 basic	 assumption	 of	 how	 the	 signal	 strength	 decays	 in	 the	 free	
room	as	described	in	2.2.	They	also	ignore	the	fact	that	RSSI	has	the	inherited	property	of	being	
a	logarithmic	scale	when	they	extend	the	decay	of	the	signal	into	a	formula	designed	to	convert	
the	 signal	 strength	 into	 distance.	 This	 is	 contrary	 to	 [16][17][20]	 in	 this	 literature	 review,	
which	has	implied	the	same	basic	hypothesis	concerning	the	signal	decay.	The	authors	of	[22]	
do	 refer	 to	 their	method	 as	 being	 the	 simplest	method	 to	 describe	 the	 relationship	 between	
signal	decay	and	distance.	
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Judging	 from	 their	 graphs,	 this	 implementation	 has	 proven	 to	 provide	 some	 good	 results	 in	
converting	RSSI	to	distance.	They	point	out,	however,	that	there	are	perfect	 line	of	sight	(LoS)	
conditions.	 When	 the	 distance	 has	 been	 calculated,	 the	 authors	 use	 linear	 least	 square	
estimation	 to	 solve	 the	 overdetermined	 system	 formed	 by	 the	 distance	 to	 each	 beacon	
expressed	as	a	circle	in	the	XY-plane.	The	Bluetooth	transmitters	were	placed	in	each	corner	of	
the	room.	

After	the	least	square	estimation,	the	maximum	error	value	is	2.1	meters	and	the	minimal	is	0.3	
meters.	The	authors	leave	out	valuable	information	such	as	mean	error	and	standard	deviation.	
They	do	provide	a	3D-graph	covering	the	whole	measurement	space.	This	is	perhaps	due	to	the	
article	being	fairly	short.	

The	results	show	good	accuracy	 from	trilateration	and	 linear	 least	square	estimation	utilizing	
regular	Bluetooth.	 In	 their	 final	 remarks,	 the	 authors	 conclude	 that	Bluetooth	 technology	 can	
provide	a	functioning	IPS.	

2.2.5	Bluetooth	Smart	

2.2.5.1	Evaluation	of	indoor	positioning	based	on	Bluetooth	Smart	technology	
The	 purpose	 of	 [23]	 is,	 according	 to	 the	 authors,	 to	 evaluate	 Bluetooth	 Smart	 as	 a	 tool	 to	
construct	 an	 IPS.	 This	 question	 is	 being	 tackled	 by	 answering	 a	 set	 of	 sub-questions	 such	 as,	
when	 is	Bluetooth	 a	 viable	 choice	 for	 indoor	 positioning,	what	 algorithms	 are	 best	 suited	 for	
indoor	positioning,	what	advantages	and	disadvantages	does	the	technology	have	versus	related	
technologies	 (such	as	Wi-Fi	 and	 regular	Bluetooth),	 and	what	 level	of	 accuracy	 can	Bluetooth	
Smart	 provide.	 The	 algorithms	 selected	 for	 the	 evaluation	 are	 trilateration,	 iterative	
trilateration,	particle	filtering	and	fingerprinting.		

Iterative	trilateration	 is	a	process	where	an	 initial	position	 is	 first	calculated	based	on	regular	
trilateration.	This	position	 is	 thereafter	updated	 repeatedly	based	on	new	measurements	 and	
the	old	calculated	location.	In	this	study,	this	is	done	by	a	Taylor	series	approximation,	but	other	
methods,	 such	 as	 the	 Kalman	 filtering	 technique	 explained	 in	 [20]	 can	 be	 applied.	 The	
fingerprinting	approach	used	by	 the	authors	 is	based	on	calculating	 the	Euclidean	distance	 to	
the	 different	 reference	 points	 similar	 to	 [19].	After	 these	 distances	 have	 been	 calculated	 the	
three	nearest	reference	points	are	selected	and	the	midpoint	between	these	are	selected.	

Besides	positioning	algorithms	this	study	also	examines	and	presents	several	characteristics	of	
RSSI.	Among	these	are	impact	of	angle,	behaviour	over	distance,	and	expected	behaviour	from	
previous	studies.	The	concluded	expected	behaviour	characteristics	based	on	previous	studies	
are:	

! RSSI	values	in	a	static	environment	are	not	static,	but	vary	within	a	limited	interval.	
! A	correlation	between	distance	and	the	average	measured	RSSI	exists	in	a	static	setting.		
! The	variance	of	a	measured	RSSI	increases	with	distance.	
! A	 formula	 to	 convert	measured	RSSI	 into	 distance	 exists.	 This	 is	 the	 same	 formula	 as	

(2.4).	
The	 findings	 from	 the	 authors’	 study	 of	 RSSI	 behaviour	 on	 distance	 reveals	 that	 the	 RSSI	
measurement	 is	 only	 suitable	 for	distance	 calculations	within	 close	proximity	 to	 the	beacons.	
From	 their	measurements,	 the	 authors	have	 found	 that	RSSI	 variance	oscillate	when	distance	
increases.	These	characteristics	are	unsatisfying	when	converting	RSSI	into	distance.	After	a	few	
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meters	the	authors	states	that	the	RSSI	measurements	becomes	too	unreliable	for	this	purpose.	
In	 the	 case	 of	 angles	 versus	 RSSI	 measurements,	 the	 authors’	 findings	 show	 that	 the	 device	
orientation	affects	the	mean	RSSI	values	measured.	In	a	vertical	position	the	angles	orthogonal	
to	 the	 signal	 was	 the	 weakest.	 It	 is	 important	 to	 note	 that	 the	 angle	 of	 the	 device	 is	 a	 no	
negligible	factor	when	performing	a	scientific	test.	RSSI	measurements	also	vary	from	device	to	
device.	

The	chosen	algorithms	are	evaluated	and	graded	 in	 five	different	aspects,	 these	are	Accuracy,	
Calibration	 complexity,	 Scalability,	 Liveliness	 and	 response	 time,	 and	 Robustness	 and	
adaptability.	No	overall	scores	are	given.	From	the	conclusion	of	 their	work,	 the	authors	state	
that	 the	 methods	 relying	 on	 distance	 calculation	 from	 RSSI	 are	 less	 desirable.	 Among	 their	
chosen	 algorithms,	 fingerprinting	 is	 the	 only	 one	 that	 does	 not	 rely	 on	 RSSI	 distance	
calculations.	

Overall,	the	report	covers	a	lot	of	aspects	and	issues	concerning	utilizing	Bluetooth	Smart	as	a	
means	of	constructing	an	IPS.		

2.2.6	Theoretical	framework	summary	
From	[16]	and	[17]	properties	and	knowledge	about	RSSI	and	how	it	can	be	used	to	determine	
distance.	 It	 is	 learned	 that	 the	 RSSI	 measurements	 vary	 in	 such	 a	 manner	 that	 it	 cannot	 be	
described	 as	 “reliable”	 for	 the	 purpose	 of	 determining	while	mapping	within	 a	WSN	 in	 [17].	
Methods	 to	 improve	measured	data,	 such	 as	 averaging/fitting/weighting	 improve	 results	 and	
reliability.	Concrete	walls	and	soft	partitions	affect	the	outcome	of	measured	RSSI.		

In	 [18]	 an	 approach	 to	 utilize	 trilateration	 within	 Wi-Fi	 and	 RSSI	 to	 determine	 distances	 is	
suggested	 for	 the	purpose	of	 creating	an	 IPS.	From	 [19]	 further	 impacts	of	 soft	partitions	are	
described.	The	impact	of	the	human	body	just	being	present	greatly	affects	the	measured	RSSI	
variance.	In	[20]	an	IPS	utilizing	trilateration,	Wi-Fi	and	RSSI	is	evaluated.	Approaches	to	weigh	
the	data	and	improve	results	describes	Kalman	filtering	and	particle	filtering	as	successful.		

Fingerprinting	 approaches	 are	 evaluated	 in	 [21],	 k-NN	 algorithms	 are	 described	 where	 k	
number	of	nearest	points	are	selected.	In	[22]	an	approach	to	utilize	trilateration	within	regular	
Bluetooth	and	RSSI	to	determine	distances	is	tested	and	proven	reliable.	From	[23]	more	about	
the	 reliability	 of	 RSSI	 within	 Bluetooth	 Smart	 is	 learnt.	 Fingerprinting	 and	 trilateration	
approaches	are	also	tested	and	evaluated.		

In	 this	 chapter,	 answer	 to	 sub-question	 one	 has	 been	 provided.	 In	 the	 following	 chapter,	 the	
implementation	is	explained	with	this	theoretical	framework	as	a	basis.		 	
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3 Implementation	
In	this	chapter,	the	implementation	of	the	study	is	described.	This	chapter	is	divided	into	three	
sections.	The	first	section	describes	the	test	bed,	including	the	room	specifics	and	the	hardware.	
The	 second	 section,	 positioning	 techniques,	 explains	 the	 choices	 of	 selected	 algorithms	 with	
connections	 to	 the	 theoretical	 framework,	 as	 well	 as	 describing	 the	 exact	 implementation	 of	
these.	 In	the	third	section,	data	collection,	the	approach	and	software	setup	to	gather	the	data	
are	explained.		

3.1	Test	bed	
This	 section	describes	 the	 room	specifics,	 the	 choices	of	 hardware	 and	 the	beacon	placement	
within	 the	 room.	 The	 room	 specifics	 describe	 the	 general	 layout	 of	 the	 room,	 the	 hardware	
section	describes	the	choices	of	hardware,	and	beacon	placement	part	discusses	the	positioning	
choices	of	the	beacons	within	the	room.		

3.1.1	Room	specifics	
The	room	where	the	test	was	conducted	within	had	different	measurements	from	the	blueprints	
than	 what	 was	 actually	 measured.	 The	 dimensions	 of	 the	 room	 were	 determined	 to	 be	 13	
meters	long	and	4.7	meter	wide	after	measurements	were	conducted.			
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Figure	3.1	Sketch	of	test	site.	Distances	are	given	in	centimeters.	

The	 four	 sides	of	 the	 room	were	given	names	after	 the	 cardinal	points	north,	 south,	 east	 and	
west.	This	was	done	in	order	to	keep	track	of	the	beacons	and	their	placements	within	the	room.	
At	the	west	side	of	the	room,	there	are	three	equally	sized	windows	with	associated	gaps	in	the	
wall.	 The	 south	wall	 is	 a	 plain	wall.	On	 the	 east	 side,	 there	 is	 first	 a	 gap	 towards	 an	 adjacent	
corridor,	then	a	pillar	and	then	another	gap	towards	the	same	adjacent	corridor.		After	this	gap,	
the	rest	of	the	east	wall	consists	of	a	partly	glassed	wall.	The	north	wall	is	consists	of	a	regular	
wall	and	another	window.	These	are	the	general	attributes	of	the	test	site.		The	coordinate	plane	
defined	 in	 the	 room	has	 its	origo	 in	 the	 southwest	 corner.	 It	 is	 the	 right	 corner	 shown	 in	 the	
picture	 in	Figure	3.4.	 In	Figure	3.2	 and	Figure	3.3	photos	 taken	 from	 the	 southeastern	 and	
southwestern	corners	can	be	viewed.		
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Figure	3.2	Picture	taken	from	the	southeastern	corner	of	the	room.	

	

Figure	3.3	Picture	taken	from	southwestern	corner	of	the	room.	
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Figure	3.4	Picture	taken	from	the	northern	wall.		

3.1.2	Hardware	
In	this	section,	the	choices	of	hardware	and	the	motivation	behind	these	are	described.	

3.1.2.1	Beacons	
In	the	previous	chapter,	the	company	Estimote	and	its	beacons	were	briefly	described.	Several	
companies	are	in	the	marked	of	distributing	and	manufacturing	beacons.	It	was	concluded	that	
Estimote	 had	 a	 set	 of	 advantages	 compared	 to	 other	 distributors	 that	 made	 them	 more	
desirable.	 Three	 factors	made	 the	 Estimote	 beacons	 extra	 interesting.	 The	 first	was	 the	well-
established	brand	name	within	the	business.	The	second	factor	was	the	provided	SDK	and	the	
constant	development	of	it.	Investing	in	Estimote	beacons	provides	a	greater	certainty	that	the	
beacons	can	be	used	in	future	projects.	The	third	factor	that	made	Estimote	more	desirable	was	
the	 ability	 to	 configure	 the	 broadcasting	 strength.	 Some	manufacturers	 shared	 some	 of	 these	
attributes,	but	Estimote	was	the	manufacturer	that	stood	out	the	most.		

The	broadcasting	strength	of	the	beacons	in	the	experiment	was	set	to	the	predefined	-12	dBm.	
This	is	the	considered	normal	strength	that	allows	a	beacon	to	broadcast	for	an	estimated	time	
of	 three	 years.	 This	 setting	 was	 chosen	 since	 it	 is	 of	 interest	 to	 investigate	 the	 systems	
capabilities	at	the	broadcasting	strength	designed	for	long	sustainability.		

3.1.2.2	Phone	
In	 [23]	 it	 is	 concluded	 that	 results	vary	 from	device	 to	device.	Therefore,	 it	was	 important	 to	
conduct	all	the	tests	on	the	same	device	to	avoid	bias	provided	from	measurements	conducted	
on	 different	 devices.	 In	 [23],	 it	 was	 also	 established	 that	 the	 device	 orientation	 provides	
different	 results	 in	 average	 RSSI.	 Considering	 these	 two	 factors,	 it	 was	 decided	 that	 the	 test	
device	should	always	be	the	same	during	the	whole	test	and	that	it,	also,	always	should	face	the	
same	direction.	The	selected	phone	used	in	this	test	was	an	iPhone	4S.		

The	orientation	of	the	device	within	the	room	was	always	the	screen	facing	the	roof	and	speaker	
pointing	 in	the	direction	defined	as	north	within	the	room.	In	 [16][19]	effect	of	obstacles	and	
human	 bodies	 are	 described.	 Within	 the	 room	 the	 iPhone	 was	 placed	 at	 the	 height	 of	 150	
centimeters	at	every	recording	test	point.	This	was	at	the	same	height	as	the	beacons	placement	
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for	 two	 reasons.	 The	 first	 reason	 is	 that	 at	 this	 height	 there	 were	 perfect	 LoS	 conditions,	
meaning	no	obstacles	between	the	beacons	and	the	recording	iPhone	device.	The	second	reason	
is	 the	enabling	of	 conducting	 trilateration	 in	 the	 two	dimensional	plane	defined	by	 the	 length	
and	the	width	of	the	room.		

3.1.3	Beacon	placement	
The	 beacons	 were	 placed	 at	 the	 height	 of	 150	 centimeters	 as	 described	 above.	 The	 distance	
from	 the	 floor	 to	 the	 roof	measured	243	 centimeters	which	makes	 the	 center	height	 at	121,5	
centimeters.	At	this	height,	however,	there	were	some	obstacles	along	the	walls	that	could	have	
interfered	with	having	non-disturbed	LoS	conditions.	The	height	150	centimeters	was	chosen,	
as	the	room	had	none	interferences	along	the	XY-plane	at	this	height.	

In	 [16][17][19][23]	 it	 is	 stated	 that	 RSSI	 is	more	 reliable	 at	 shorter	 distance.	 Consequently,	
when	placing	the	beacons	within	the	room	they	were	positioned	in	such	a	manner	that	allowed	
stronger	 signals	 to	 reach	 a	 larger	 area.	 This	 means	 avoiding	 corners	 and	 striving	 towards	
putting	 the	 beacons	 at	 the	 center	 of	 walls.	 To	 represent	 this,	 imagine	 drawing	 a	 circle	 that	
represents	the	distance	a	given	signal	has	travelled	away	from	a	beacon	at	a	point	in	time	in	the	
two	dimensional	space.	The	walls	in	this	space	intersect	the	lines	that	represent	this	circle.	By	
doing	so,	the	walls	minimize	the	effective	surface	covered.	If	the	signal	only	can	be	considered	
“reliable”	 at	 a	 distance	 X	 from	 the	 beacons,	 it	 is	 desirable	 to	 have	 that	 area	 defined	 by	 the	
distance	X	to	be	as	large	as	possible.		

With	this	in	mind,	and	having	five	beacons	to	work	with,	it	was	decided	that	one	beacon	should	
be	 placed	 at	 each	wall.	 One	wall	would	 have	 two	beacons	 and	 it	 should	 be	 one	 of	 the	 longer	
walls.	To	achieve	a	symmetric	setup	it	was	decided	to	put	two	beacons	on	the	east	wall,	since	at	
this	wall	a	beacon	could	not	be	placed	at	the	exact	center	along	the	Y-axis.	This	was	due	to	an	
adjacent	corridor	gap	between	the	glassed	wall	and	the	pillar.		

Beacon	Name	 X	(m)	 Y	(m)	
Northeast	 4.7	 9	
Southeast	 4.7	 4	
South	 2.35	 0	
West	 0	 6.5	
North	 2.35	 13	

Table	3.1	Beacon	names	and	their	placement	in	the	defined	room.	

3.2	Positioning	techniques		
The	 two	 compared	 algorithms	 in	 this	 study	 are,	 as	 mentioned	 previously,	 trilateration	 and	
fingerprinting.	In	the	next	two	subchapters,	the	implementations	of	these	are	explained.	Within	
both	of	these	algorithms	a	weighted	approach	where	also	applied	and	evaluated.		

3.2.1	Trilateration	
As	suggested	in	[18][22],	a	trilateration	approach	was	selected.	One	regular	and	one	weighted	
approach.		These	are	explained	below,	as	the	weighted	approach	builds	upon	the	initial	steps	for	
this	approach	is	explained	in	the	regular	trilateration	approach	section.	
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3.2.1.1	Regular	trilateration	approach	
By	rearranging	(2.4),	the	path	loss	prediction	model,	distance	can	be	calculated	with	(3.1).	

! = !"
!""#!!
!"×! 	 	 	 	 	 	 (3.1)	

Initially,	the	path	loss	constant	needs	to	be	calculated	with	(3.2).	

! = !""#!!
!"×!"#!"(!)

		 	 	 	 	 (3.2)	

In	 order	 to	 utilize	 these	 formulas	within	 the	 room,	 the	 constant	A	 needs	 to	 be	 calculated	 for	
every	beacon.	This	is	the	signal	strength	at	one	meter	from	the	beacon.	This	reference	value	can	
be	measured	at	another	distance.	Between	[16]	and	[17]	 it	 is	observed	that	 the	choice	of	one	
meter	 simplifies	 the	 formula	 and	 the	 calculations.	 One	 meter	 is	 also	 applied	 in	
[19][20][22][23].	

The	path	loss	constant	also	needs	to	be	decided.	This	was	decided	by	measuring	while	letting	d,	
RSSI,	 and	A	 be	 known	 at	 15	 reference	 points.	 These	 reference	 points	were	 placed	 in	 such	 a	
manner	 in	 the	 room	 that	 five	 of	 them	 provided	 the	measurements	 for	 the	 variable	A.	 These	
reference	 points	 also	 provided	 data	 for	 the	 fingerprinting	 algorithm,	 discussed	 later	 in	 the	
section	about	the	fingerprinting	algorithms.	At	every	point	the	path	loss	constant	was	calculated	
towards	every	beacon.	At	one	meter	from	each	point,	the	reference	value	cannot	be	calculated	
since	 there	 is	 a	 division	by	 zero.	 From	 this,	 14	path	 loss	 constant	 values	were	 calculated	per	
beacon.	The	mean	path	loss	constant	where	then	calculated	for	each	separate	beacon.	In	Figure	
3.5	the	placement	of	the	beacons,	the	reference	points	and	the	test	points	are	presented.	
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Figure	3.5	Sketch	displaying	the	reference	points	(white	circles),	the	test	points	(black	squares)	and	the	
beacons	(black	triangle)	in	the	room.		

From	 these	 measurements,	 the	 calculated	 path	 loss	 constant	 and	 the	 reference	 value	 at	 one	
meter	were	applied	in	the	trilateration	algorithm.	Three	test	points	were	set	up	for	the	purpose	
of	 conducting	 the	 trilateration	approach	and	 the	 fingerprinting	approach.	 In	 these	 test	points,	
the	 RSSI	 values	 were	 recorded	 for	 a	 minute	 and	 a	 mean	 was	 calculated.	 From	 these	 mean	
calculations	 a	 distance	 for	 each	 test	 point	was	 calculated	 to	 all	 five	 beacons.	With	 a	 distance	
from	 each	 beacon	 towards	 the	 reference	 point,	 the	 final	 step	 was	 to	 find	 the	 position	 that	
minimizes	 the	 distance	 from	each	 radius	 given	 by	 the	 calculated	 distances.	 In	Figure	3.6	 the	
trilateration	algorithm	is	presented.		
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Figure	3.6	Regular	trilateration	approach.	

3.2.1.2	Weighted	trilateration	approach	
From	[20]	it	is	learned	that	filtering	or	weighting	the	data	can	increase	performance	and	reduce	
disturbances.	In	the	weighted	trilateration	approach,	linear	least	square	regression	is	applied	to	
the	dataset	before	conducing	any	calculations.	The	measurement	series	can	be	represented	on	
the	form	 !!,!! , !!,!! ,… !!!! .	A	solution	to	the	following	system	is	called	for.		

																																															 !" = !	 	 	 	 	 	 (3.3)	

By	multiplying	both	sides	of	the	equation	system	by	the	transpose	of	the	matrix	A,	and	solving	
the	system,	a	solution	on	the	form	! = !! +!	can	be	found.	

		!!!" = !!!	 	 	 	 	 	 (3.4)	

In	order	find	the	solution	the	following	matrixes	are	constructed.			

	

! =
!!,!
!!,!
⋮

!!,!

! =
!!
!!
⋮
!!

! = !
!

	 	 	 	 	 	 (3.5)	

For	each	beacon,	an	initial	value	at	the	distance	of	zero	meters	(m	from	c)	and	a	RSSI	trend	line	
is	extracted	(k	 from	c).	 	The	equation	 for	each	beacon	can	provide	modified	data	 for	 the	path	
loss	constant	as	well	as	the	reference	value	at	one	meter.	In	order	the	fully	examine	the	impact	
of	 applying	 least	 squares,	 the	 weighted	 approach	 will	 consist	 of	 three	 different	 results.	 One	
result	will	be	based	on	only	replacing	the	calculated	room	constants,	one	result	will	be	based	on	
only	replacing	the	reference	values,	and	one	result	will	be	based	on	replacing	both	the	path	loss	
constant	and	the	reference	value	at	one	meter.		

3.2.2	Fingerprinting	
Two	 fingerprinting	 approaches	were	 selected.	 The	 regular	 fingerprinting	 approach	 builds	 on	
the	principle	of	selecting	the	three	nearest	reference	points	and	calculating	a	midpoint	between	
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these,	as	applied	 in	[23].	The	weighted	approach	seeks	 to	 include	more	reference	points	 than	
just	the	three	closest	one.	The	initial	steps	within	both	these	algorithms	are	the	same.		

3.2.2.1	Regular	fingerprinting	approach		
The	initial	step	in	the	fingerprinting	algorithm	is	to	construct	the	radio	map.	At	each	reference	
point,	 there	 are	 15	 (see	 figure	 3.5),	 RSSI	 values	 are	 recorded	 for	 a	 minute.	 The	 beacons	
transmit	every	second,	which	makes	it	a	total	of	60	values.	A	mean	value	is	calculated	for	each	
beacon	in	each	reference	point.	The	final	radio	map	consists	of	70	values,	describing	the	mean	
RSSI	 input	 from	 each	 beacon	 at	 each	 coordinate.	 When	 the	 radio	 map	 is	 complete,	 the	 test	
points	 are	 recorded.	 In	 the	 same	way	 as	 before,	 data	 is	 recorded	 for	 60	 seconds.	 A	mean	 is	
calculated	towards	each	beacon	in	each	test	point.	The	test	points	are	then	compared,	by	using	
Euclidean	 distance,	 towards	 each	 of	 the	 15	 reference	 points.	 This	 is	 done	 by	 calculating	 the	
difference	 in	 RSSI	 between	 the	 beacons	 in	 the	 test	 points	 and	 the	 beacons	 in	 the	 reference	
points.	The	reference	points	are	then	sorted	by	distance	and	the	closest	three	are	chosen.	This	is	
similar	 to	 then	 k-NN	 approach	 described	 in	 [21],	 but	 one	 point	 cannot	 be	 selected	 multiple	
times.	Depending	on	the	calculated	distance	the	final	point	is	then	placed	between	these	three	
points	at	the	center	of	mass.	In	Figure	3.7	the	steps	of	the	regular	fingerprinting	approach	are	
presented.		

	

Figure	3.7	Regular	fingerprinting	approach.	

3.2.2.2	Weighted	fingerprinting	approach	
In	the	weighted	approach,	each	reference	points	get	an	impact	in	the	final	result.	After	sorting	
the	 reference	 points	 by	 Euclidean	 distance	 towards	 the	 test	 points,	 the	 difference	 to	 max	 is	
calculated.	

				!"#! = !"#$%&'( !""# ! − !"#$%&'([!""#]!"#		 				 (3.6)	

Difference	 to	 max	 is	 each	 reference	 points’	 difference	 in	 distance	 between	 its	 own	 distance	
calculated	Euclidean	distance,	and	the	Euclidean	distance	of	the	reference	points	furthest	away	
from	 the	 test	 point.	 That	 furthest	 away	 test	 point	will	 thus	have	 a	 difference	 to	max	 value	 of	
zero.	

The	difference	to	max	is	then	squared	for	each	coordinate,	in	order	to	give	the	coordinates	with	
a	 lower	 Euclidean	 distance	 a	 higher	 impact,	 and	 the	 coordinates	 with	 a	 higher	 Euclidean	
distance	a	lower	impact.	This	value	is	called	pull.	

																			!"##! = !"#!
!	 	 	 	 				 (3.7)	
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After	the	pull	has	been	calculated,	the	algorithm	starts	stepping	from	origo.	In	the	first	step,	 it	
steps	towards	the	point	with	the	highest	pull.	The	pull	is	added	to	a	sum	called	total	mass.	After	
this	first	initial	step,	this	stepping	algorithm	is	located	in	the	coordinates	of	the	reference	point	
with	the	highest	pull	and	or	total	mass	equals	the	pull.	

																																				!"#$% !"##! = !"##! + !"##!…+ !"##!			 	 				 (3.8)	

In	the	next	step,	it	steps	towards	the	coordinate	with	the	second	highest	pull.	The	pull	is	added	
to	the	total	mass.	But	this	time	it	does	not	reach	this	coordinate,	 it	stops	somewhere	between	
the	line	between	the	two	coordinates.	Where	that	point	is	located,	is	decided	by	the	current	pull	
of	the	coordinate,	divided	by	the	total	mass.	In	the	second	step	it	is	the	pull	of	the	second	highest	
coordinate,	divided	by	the	sum	of	the	pull	of	the	two	highest	coordinates.		

																																			!"#$ !"#$%&! = !"##!
!!"#$ !"##!

		 	 	 				 (3.9)	

The	algorithm	continues	and	step	towards	each	coordinate.	With	each	step	however,	 the	total	
mass	increases	while	the	current	pulls	of	the	coordinates	decreases.	The	weighted	approach	can	
be	viewed	in	Figure	3.8.	

	

Figure	3.8	Weighted	fingerprinting	approach.		

3.3	Data	collection	
In	this	section,	 the	data	collection	approach	 is	described.	 In	 the	two	following	subsections	the	
concept	and	the	software	is	described.		

3.3.1	Concept	
The	data	was	collected	for	the	both	positioning	algorithms	at	the	same	time.	The	reference	and	
the	 test	 points	were	 the	 same	 for	 both	positioning	 techniques,	 as	 described	 in	Figure	3.5.	 In	
each	reference	and	test	point,	data	from	all	five	beacons	were	recorded	for	one	minute.	The	data	
is	 recorded	 and	 processed	 in	 retrospect	 to	 the	 actual	measurements.	 Positioning	 calculations	
are	thus	not	done	live	in	the	application.	In	total,	60	RSSI	values	are	recorded	for	each	beacon	in	
each	coordinate,	which	sums	up	to	5	400	recorded	RSSI	values.	Some	of	these	are	filtered	out	of	
the	mean	calculation	since	sometimes	the	beacon	signals	are	not	found	or	are	too	weak.	In	the	
recorded	 data,	 these	 are	 represented	 by	 the	 value	 zero.	 This	 value	 is	 higher	 than	 the	 actual	
recorded	data,	which	causes	trouble	when	calculating	a	mean.	Therefore,	 these	values	need	to	
be	taken	out	from	the	mean	calculations.	From	a	total	of	90	beacon	recordings	spread	over	the	
18	 test	 and	 reference	 points,	 only	 12	 whole	 samples	 did	 not	 contain	 any	 zero	 values.	 Each	
recorded	test	and	reference	point	produce	6x60	matrix.		



Implementation		

	 28	

3.3.2	Software	
The	 software	 constructed	 in	 order	 to	 gather	 the	 data	 consists	 of	 an	 iOS	 application,	 which	
records	 and	 sends	 the	 data	 to	 a	 PHP	 server.	 The	 server	 utilizes	 the	 API	 Google	 charts	 to	
structure	the	data.	Google	charts	tables	are	easily	conserved.	From	each	recording	 in	a	test	or	
reference	point,	a	Google	chart	was	the	created.	The	iOS	application	had	two	functions.	The	first	
initiated	 a	 new	 recording	 set	 over	 the	 interval	 of	 60	 seconds.	 The	 latter	 cleared	 previously	
recorded	 data	 on	 the	 server.	 In	 the	 background,	 the	 app	 constantly	 identified	 beacons	 and	
added	them	to	a	set	of	identified	beacons.	When	the	application	starts	recording,	the	application	
records	the	data	from	the	predefined	set	of	beacons	that	exists	amongst	the	identified.	At	every	
second	 it	 sends	 a	POST	 request	 to	 the	PHP	 server	 containing	 the	 current	 time	 stamp,	beacon	
names,	and	RSSI.	If	the	clear	button	is	used,	a	special	variable	called	clear	is	sent	to	the	server.	
On	the	server	side,	the	data	is	saved	within	an	array	in	the	session	variable.	The	session	is	set	to	
be	the	same	for	every	device	that	visits	the	server.	After	a	recording	was	done	using	the	mobile	
device,	 the	 data	 was	 easily	 copied	 from	 the	 server.	 Figure	 3.9	 is	 a	 sketch	 describing	 the	
recording	software.	

	

Figure	3.9	Sketch	describing	the	recording	software.	
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4 Results	
In	 this	 chapter	 the	 results	 of	 the	 study	 are	 presented.	 Discussions,	 comparisons,	 and	 general	
observations	are	 reserved	 for	 the	discussion	chapter.	 In	 the	 first	 section,	 the	 results	 from	 the	
trilateration	study	are	presented	and	in	the	second	part	the	fingerprinting	results	are	presented.	
Mean	RSSI	values	for	the	test	and	reference	points	are	shown	in	Appendix	A.		

4.1	Trilateration	
In	 this	 part,	 the	 results	 from	 the	 trilateration	 study	 are	 presented.	 Initial	 data	 presented	 in	
4.1.1.,	such	as	measured	RSSI	at	one	meter	from	each	beacon	and	path	loss	constant,	is	relevant	
for	both	trilateration	approaches.	

4.1.1	Regular	trilateration	
The	first	step	of	the	trilateration	approach	was	to	extract	the	RSSI	at	the	distance	of	one	meter	
from	each	beacon.	The	results	can	be	viewed	in	Table	4.1.	All	beacons	except	one	had	similar	
RSSI	values	at	the	distance	of	one	meter	from	each	beacon.	The	beacon	that	stood	out	was	the	
west	beacon,	which	had	a	significantly	lower	mean	RSSI.	As	stated	before,	these	measurements	
were	 taken	 over	 the	 interval	 of	 one	minute,	with	 a	 total	 of	 60	measurements	 per	 beacon.	 To	
ensure	that	nothing	had	gone	wrong,	another	measurement	of	the	west	beacon	was	conducted.	
In	 this	 re-measurement,	 the	 west	 beacon	measurement	 once	 again	 indicated	 a	 similar	 mean	
RSSI.	All	beacons	were	set	 to	 the	same	 transmission	strength.	A	possible	 reason	 for	 this	huge	
difference	could	be	differences	in	hardware.		

Beacon	 μ(RSSI)	
North	 -64.94	

Northeast	 -65.90	
Southeast	 -73.83	
South	 -66.58	
West	 -82.22	

Table	4.1	Measured	RSSI	at	one	meter	from	each	beacon.	

After	 the	 RSSI	 values	 at	 one	 meter	 from	 each	 beacon	 were	 calculated,	 the	 next	 step	 was	 to	
decide	 the	path	 loss	constant	 for	each	beacon.	The	path	 loss	constant	was	calculated	 for	each	
beacon	in	each	reference	point.	The	results	of	the	path	loss	constant	calculations	are	shown	in	
Table	4.2.		
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X	 Y	 Northeast	 Southeast	 West	 North	 South	
1	 1	 -1.64	 -1.20	 -1.07	 -1.62	 0.81	
1	 4	 -1.62	 -0.76	 0.41	 -2.09	 -1.07	
1	 6.5	 -1.43	 -0.93	 	 -1.86	 -1.45	
1	 9	 -3.03	 -1.64	 0.80	 -2.57	 -1.28	
1	 12	 -0.85	 -1.33	 -0.78	 -3.52	 -1.43	

2.35	 1	 -1.86	 -2.31	 -0.44	 -2.03	 	
2.35	 4	 -1.27	 -0.80	 1.42	 -1.69	 -0.48	
2.35	 6.5	 -3.09	 -1.67	 1.25	 -2.20	 -2.15	
2.35	 9	 -2.45	 -1.29	 0.42	 -1.27	 -0.96	
2.35	 12	 -2.47	 -1.33	 -0.11	 	 -0.91	
3.7	 1	 -2.49	 -2.32	 -0.42	 -2.00	 1.08	
3.7	 4	 -2.26	 	 0.52	 -2.22	 -0.13	
3.7	 6.5	 -3.69	 -0.64	 0.37	 -1.92	 -0.91	
3.7	 9	 	 -1.27	 0.29	 -1.54	 -1.04	
3.7	 12	 -1.03	 -1.99	 0.15	 -5.80	 -1.47	

Average	 	 -2.09	 -1.39	 0.20	 -2.31	 -0.81	
Table	4.2	Calculations	of	the	path	loss	constant	(n)	towards	every	beacon	at	every	position.		

With	 the	path	 loss	 constants	 and	 the	RSSI	 values	 at	 one	meter	 from	each	beacon	using	 (3.1)	
distance	from	each	test	point	towards	each	beacon	can	now	be	calculated.	The	data	is	displayed	
in	Table	4.3.	The	values	given	by	the	west	beacons	stands	out	once	again.		

Test	point	 Northeast	 Southeast	 West	 North	 South	
T1	(2.35,	2.5)	 7.79	 1.49	 0.00	 5.96	 3.34	
T2	(1.675,	6.5)	 6.87	 1.99	 695.58	 5.74	 5.48	
T3	(2.35,	10.5)	 1.76	 6.82	 8.01	 2.63	 33.01	
Table	4.3	Distance	(m)	calculations	from	each	test	point	towards	each	beacon	using	path	loss	constants	

and	reference	values	at	one	meter.	

To	be	able	to	calculate	a	 location	from	these	distances	one	needs	to	solve	the	overdetermined	
system	of	circles	formed	by	the	beacons	coordinated	and	their	calculated	distances	as	described	
in	(2.5).	This	system	of	equations	is	overdetermined	and	lacks	a	solution.	A	best	fit	was	sought	
that	 minimized	 the	 distance	 towards	 each	 of	 these	 circles	 within	 the	 defined	 borders	 of	 the	
room.	 The	 results	 are	 displayed	Table	 4.4.	 The	 parenthesis	 displays	 the	 best	 fit	 outside	 the	
defined	room.	

Test	point	 X	 Y	 Calculated	X	 Calculated	Y	 Difference	(m)	
T1	 2.35	 2.50	 2.21	 3.70	 1.20	

T2	 1.675	 6.50	 4.70	(6.96)	 2.12	(2.96)	 5.32	(6.36)	
T3	 2.35	 10.50	 4.70	(4.88)	 11.82	(12.28)	 2.69	(3.09)	

Table	4.4	Calculated	positions	from	regular	trilateration.		
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4.1.2	Weighted	trilateration	
In	the	weighted	trilateration	approach	the	initial	step	was	to	least	square	the	data	set	in	order	
to	produce	a	weighted	room	constant	and	reference	value	for	the	distance	calculations.	This	was	
done	with	linear	least	square	regression	as	described	in	3.2.1.2.	Table	4.5	describes	the	initial	
values	(m)	and	K-values	(k)	given	by	the	least	square	regression	on	the	form	!""# = !" +!.	
The	 reference	 value	 at	 one	meter	 is	 given	 by	 adding	 the	 K-value	 to	 the	 initial	 value	 for	 each	
beacon.	The	room	constant	can	be	extracted	in	the	same	way	as	the	in	the	regular	approach	by	
using	 the	 linear	 equation	 given	 by	 the	 initial	 value	 and	 the	 K-value	 for	 each	 reference	 point	
within	the	room.			

Beacon	 Initial	(m)	 k	 Room	constant	
Northeast	 -71.23	 -1.50	 -0.85	
Southeast	 -74.82	 -1.64	 -0.93	
West	 -75.92	 -1.36	 -0.73	
North	 -70.78	 -1.34	 -0.94	
South	 -64.86	 -1.41	 -0.99	

Table	4.5	Initial	values	at	zero	meter,	K-values	and	room	constant	for	each	beacon	given	by	least	square	
regression.	

The	 second	 step	 was	 to	 calculate	 the	 distance	 given	 by	 then	 weighted	 room	 constants	 and	
reference	 values	 at	 one	 meter.	 In	 Table	 4.6,	 the	 calculated	 distance	 from	 these	 weighted	
variables	are	presented.	The	data	column	indicates	which	weighted	data	is	used	for	the	distance	
calculations.	A	 indicates	that	the	weighted	reference	value	at	one	meter	was	used,	N	 indicated	
that	weighted	room	constant	was	used.	A&N	indicates	that	both	were	applied	at	the	same	time.		

Data	 Test	point	 Northeast	 Southeast	 West	 North	 South	
	 T1	(2.35,	2.5)	 24.31	 0.95	 23.58	 13.88	 2.89	

A&N	 T2	(1.675,	6.5)	 17.86	 1.46	 0.79	 12.70	 4.35	
	 T3	(2.35,	10.5)	 0.63	 9.18	 2.70	 1.85	 19.09	
	 T1	(2.35,	2.5)	 3.67	 0.97	 0.00	 2.91	 3.63	
A	 T2	(1.675,	6.5)	 3.23	 1.29	 2.40	 2.81	 5.96	
	 T3	(2.35,	10.5)	 0.83	 4.41	 0.03	 1.28	 35.93	
	 T1	(2.35,	2.5)	 154.85	 1.82	 4.91	 80.85	 2.70	
N	 T2	(1.675,	6.5)	 113.77	 2.80	 0.16	 73.96	 4.06	
	 T3	(2.35,	10.5)	 4.01	 17.57	 0.56	 10.76	 17.81	

Table	4.6	Calculated	distances	(m)	towards	each	beacon	using	the	weighted	data.	

After	the	distances	have	been	calculated	the	third	step	was	to	calculate	the	positions	given	by	
the	 distances.	 In	 Table	 4.7	 the	 results	 of	 the	 calculated	 X	 and	 Y	 coordinates	 together	 with	
difference	between	actual	coordinates	and	calculated	are	displayed.	Once	again	the	data	column	
indicates	the	results	of	applying	the	specific	variables	in	the	calculations.	The	best	fit	location	is	
the	 location	that	minimizes	 the	summed	difference	 in	calculated	distance	toward	each	beacon	
and	actual	distance.	The	best-fit	 location	algorithm	is	 limited	to	the	boundaries	defined	by	the	
room,	thus	pushing	some	calculated	position	towards	these	boundaries.	It	can	be	observed	that	
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the	approach	resulting	in	the	best	accuracy	is	the	one	that	only	utilizes	the	weighted	reference	
value.		

Data	 Test	point	 Calculated	X	 Calculated	Y	 Difference	(m)	
	 T1	(2.35,	2.5)	 4.70	(5.20)	 0.00	(-0.60)	 3.43	(4.21)	

A&N	 T2	(1.675,	6.5)	 0.00	(-1.88)	 3.66	(1.04)	 3.30	(6.52)	
	 T3	(2.35,	10.5)	 0.66	 12.24	 2.42	

	 T1	(2.35,	2.5)	 2.63	 5.97	 3.48	

A	 T2	(1.675,	6.5)	 2.83	 6.36	 1.17	

	 T3	(2.35,	10.5)	 3.92	 9.30	 1.98	

	 T1	(2.35,	2.5)	 0.00	(1.28)	 0.00	(-2.48)	 3.42	(5.09)	
N	 T2	(1.675,	6.5)	 0.00	(0.92)	 3.31	(-3.80)	 6.71	(10.33)	
	 T3	(2.35,	10.5)	 0.00	(-8.32)	 7.06	(14.24)	 4.16	(11.31)	

Table	4.7	Displays	the	calculated	positions	from	the	weighted	data.	Values	in	parenthesis	displays	the	
bordering	positions	best	fit	outside	the	room.	

As	a	 final	comparison,	Table	4.8	displays	the	average	error	of	 the	three	weighted	approaches	
and	the	regular	approach.	

Approach	 Average	Error	(m)	
Regular	Trilateration	 3.07	(3.55)	

Weighted	Trilateration	(A&N)	 3.05	(4.38)	
Weighted	Trilateration	(A)	 2.21		

Weighted	Trilateration	(N)	 3.73	(8.91)	
Table	4.8	Approach	comparison	displaying	the	average	error.	Values	in	parenthesis	displays	the	summed	

error	using	best	fits	outside	the	room.	

4.2	Fingerprinting	
In	this	part,	the	results	of	the	two	fingerprinting	algorithms	are	presented.	In	Appendix	B	 the	
total	 Euclidean	 distance	 from	 each	 beacon	 to	 each	 coordinate,	 the	 calculated	 distances	 from	
each	test	point	to	each	references	point,	and	the	pull	of	each	reference	point	are	presented.	

4.2.1	Regular	fingerprinting	
In	 the	 regular	 fingerprinting	 algorithm,	 the	 approach	was	 to	 calculate	 the	 Euclidean	 distance	
towards	all	 reference	points	 in	every	 test	point.	Thereafter,	 the	 three	closest	 reference	points	
are	 selected.	Then	 the	midpoint	of	 these	 three	 reference	points	 is	 calculated.	 In	 tables,	Table	
4.9,	 Table	 4.10	 and	 Table	 4.11	 the	 three	 closest	 calculated	 Euclidean	 distances	 towards	
reference	points	are	displayed.	From	these	tables	a	clear	pattern	of	the	reference	points,	defined	
as	 close	 by	 Euclidean	 distance	 in	RSSI,	 actually	 being	 close	 in	 reality	 can	 be	 observed.	 In	 the	
tables,	 the	differences	 in	RSSI	 for	 each	beacon	 can	be	observed.	The	distance	 is	 calculated	by	
taking	the	square	root	of	the	squared	sum	of	the	beacon	recordings	for	each	coordinate.		
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X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	
1	 1	 -3.1	 5.7	 3.0	 -0.4	 -6.1	 9.35	
1	 4	 -5.7	 1.9	 -6.8	 2.2	 2.5	 9.64	
3.7	 6.5	 -2.7	 0.3	 -7.1	 -2.1	 3.2	 8.52	
Table	4.9	The	three	closest	reference	points	to	(2.35,	2.5)	and	total	Euclidean	distance	in	RSSI.		

X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	
1	 4	 -4.6	 0.1	 4.0	 2.6	 0.7	 6.61	
3.7	 4	 -1.4	 -4.2	 2.4	 3.8	 -5.2	 8.16	
3.7	 6.5	 -1.6	 -1.4	 3.6	 -1.8	 1.5	 4.77	
Table	4.10	The	three	closest	reference	points	to	(1.675,	6.5)	and	total	Euclidean	distance	in	RSSI.	

X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	
2.35	 9	 4.0	 -2.1	 -0.4	 -2.0	 -3.2	 5.90	
3.7	 9	 -5.1	 -2.7	 0.0	 0.0	 -2.4	 6.24	
3.7	 12	 0.0	 6.4	 0.6	 3.4	 3.6	 8.07	
Table	4.11	The	three	closest	reference	points	to	(2.35,	10.5)	and	total	Euclidean	distance	in	RSSI.	

The	final	distances	calculated	from	these	three	closest	reference	points	are	displayed	in	Table	
4.12.	 The	 calculated	 X	 and	 Y	 is	 the	 described	midpoint	 given	 by	 the	 three	 closest	 reference	
points.	 The	 algorithm	 does	 not	 take	 the	 actual	 distances	 into	 consideration.	 It	 is	 a	 deciding	
factor	to	which	coordinates	that	shall	be	picked	out.		

Test	point	 X	 Y	 Calculated	X	 Calculated	Y	 Difference	(m)	
T1	 2.35	 2.50	 1.9	 3.83	 1.40	
T2	 1.675	 6.50	 2.8	 4.83	 2.01	
T3	 2.35	 10.50	 3.25	 10.00	 1.03	

Table	4.12	Final	positions	from	regular	fingerprinting.	

4.2.2	Weighted	fingerprinting	
The	goal	of	applying	the	weighted	algorithm	was	to	take	all	reference	points	into	consideration.	
The	decided	approach	was	to	apply	decreasing	weights	to	the	reference	point	while	having	an	
increasing	counter	weight,	as	described	 in	 the	stepping	approach	 in	3.2.2.2.	 In	 figures	Figure	
4.1,	Figure	 4.2	 and	Figure	 4.3,	 the	 test	 point	 and	 each	 reference	 points	 pull	 percentage	 are	
displayed.	 The	 pull	 percentage	 is	 each	 coordinates’	 calculated	 pull,	 as	 seen	 in	 Appendix	 B,	
divided	by	the	total	mass	of	the	system.	From	these	figures,	patterns	of	high	pull	percentage	and	
close	location	are	quite	clear.	The	pull	of	each	coordinate	is	the	basis	of	the	stepping	approach	
applied	to	calculate	a	location.		
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Figure	4.1	Pull	percentage	map	for	test	point	one.		(2.35,	2.5)	
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Figure	4.2	Pull	percentage	map	for	test	point	two.	(1.675,	6.5)	
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Figure	4.3	Pull	percentage	map	for	test	point	three.	(2.35,	10.5)	

The	resulting	positions	from	the	stepping	algorithm	are	the	ones	presented	in	Table	4.13.	The	
results	of	 the	weighted	algorithm	 indicate	 that	 the	 regular	approach	with	midpoints	 from	 the	
three	closest	reference	points	produce	a	slightly	more	accurate	result	in	the	case	of	these	three	
test	points.			

Test	point	 X	 Y	 Calculated	X	 Calculated	Y	 Difference	(m)	
T1	 2.35	 2.50	 2.58	 4.34	 1.85	
T2	 1.675	 6.50	 2.29	 5.42	 1.25	
T3	 2.35	 10.50	 2.26	 8.50	 2.00	

Table	4.13	Final	positions	given	by	weighted	fingerprinting.		
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5 Discussion	
In	 this	 chapter,	 the	 general	 discussion	 concerning	 the	 result	 and	 findings	 of	 the	 study	 is	
conducted.	In	the	discussion	the	formulated	research	questions	are	answered,	except	the	ones	
that	have	not	already	been	answered	in	the	literature	review.		

5.1	Trilateration	
The	results	from	the	trilateration	approach	are	displayed	in	Table	4.8.	In	the	table	the	average	
error	 of	 the	 four	 different	 approaches	 can	 be	 observed.	 Regular	 trilateration	 3.07	 meters,	
weighted	 trilateration	 (A&N)	 3.05	 meters,	 weighted	 trilateration	 (A)	 2.21	 meters,	 weighted	
trilateration	(N)	3.73	meters.	
	
Overall,	 the	results	 in	 the	weighted	approach	based	on	using	only	 the	reference	value	 (A)	are	
more	 accurate.	 The	 results	 are	 often	 skewed	 towards	 the	 borders	 of	 the	 Cartesian	 system	
defined	 in	 the	 room.	 This	 pattern	 is	 most	 visible	 in	 the	 results	 given	 by	 only	 applying	 the	
weighted	room	constant.	(N)		
	
In	Table	4.3	the	highest	distance	value	produced	by	the	trilateration	algorithm	can	be	observed	
at	695.58	meters	towards	the	west	beacon	in	test	point	two.	The	west	beacon	produces	weird	
results	 throughout	 the	 regular	 approach	 but.	 The	 best	 fit	 location	 sometimes	 tangents	 the	
borders	of	the	room.	This	is	the	result	of	the	actual	best	fit	being	outside	the	defined	room.	In	
the	 regular	 approach,	 2/3	 coordinates	 tangents	 the	 borders.	 In	 the	 A&N-approach,	 2/3	
coordinates	tangents	the	borders,	in	the	A-approach	0/3	coordinates	tangents	the	borders,	and	
in	 the	 N-approach	 3/3	 coordinates	 tangents	 the	 borders.	 One	 of	 these	 is	 also	 situated	 in	 the	
corner	of	the	room.	It	 is	obvious	that	the	approaches	that	generate	less	bordering	coordinates	
will,	in	general,	be	more	likely	to	produce	a	lower	summed	error.			

When	studying	these	results	in	terms	of	accuracy,	one	must	consider	the	environment	in	which	
the	 test	 took	 place.	 The	 room,	 in	which	 these	measurements	were	 taken,	was	 kept	 free	 from	
impact	of	human	bodies	and	non	 line	of	sight	conditions.[19]	This	sterile	setting	most	certainly	
pushed	the	results	towards	less	unbiased	results	than	it	otherwise	would	have	been	in	the	live	
case,	where	 the	 indoor	 positioning	 application	 somehow	 interacts	with	 people	 using	 it.	With	
this	 in	mind	and	when	 looking	at	 the	results	 from	the	trilateration,	one	needs	to	be	careful	 to	
make	strong	statements	about	it’s	feasibility	in	application.	It	seems	like	some	more	methods	of	
weighting	 are	 needed	 to	 boost	 the	 results.	 Applying	 linear	 regression	 and	 only	 using	 the	
generated	reference	value,	helped	improve	the	results	quite	a	bit.		

When	 it	 come	 to	 the	 implementation,	 the	 regular	 approach	 and	 the	 weighted	 approach	 are	
similar	in	terms	of	what	needs	to	be	implemented	in	software	when	creating	an	application	that	
utilizes	trilateration	and	iBeacons.	Within	an	application,	the	weighted	approach	only	needs	to	
adjust	the	RSSI	matrix,	based	on	the	process	described	in	the	implementation	section,	before	it	
can	set	up	the	system	of	equations	that	describes	the	position.	The	 implementation	and	setup	
work	 for	 these	 two	 approaches	 are	 similar	 with	 a	 slight	 advantage	 towards	 the	 regular	
trilateration	approach.	
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5.2	Fingerprinting	
The	results	from	the	two	fingerprinting	approaches	can	be	observed	in	Table	4.12	and	Table	
4.13.	Both	results	are	promising	but	in	overall,	the	regular	approach	performed	a	bit	better.	The	
total	distances	between	the	calculated	test	points	and	their	actual	positions	are	 in	 the	regular	
approach	 4.44	meters,	 and	 in	 the	weighted	 approach	 5.1	meters.	 The	weighted	 approach	 did	
receive	 a	more	 accurate	 result	 for	 test	 point	 two,	which	 is	 the	most	 central	 test	 point	 in	 the	
room.		

What	 is	worth	 noting	 about	 the	 regular	 fingerprinting	 approach	 is	 that	 in	 neither	 of	 the	 test	
points,	 the	actual	positions	calculated	were	not	between	 the	 three	strongest	 reference	points.	
The	 midpoint	 of	 the	 three	 strongest	 reference	 points	 did,	 nevertheless,	 end	 up	 close	 to	 the	
actual	 position	 in	 all	 three	 cases.	 A	 weighted	 midpoint	 taking	 more	 reference	 points	 into	
consideration	 would	 be	 a	 solid	 approach	 in	 order	 to	 boost	 the	 results.	 This	 approach	 was	
however	 the	 most	 accurate	 in	 terms	 of	 Euclidean	 distance	 from	 calculated	 points	 to	 actual	
positions.		

In	the	weighted	approach,	it	should	be	noted	that	the	three	results	along	the	X-axis	all	happened	
to	be	close	to	the	center	of	the	Cartesian	plane	defined	in	the	room.	The	calculated	X	positions	
were	2.58,	2.29	and	2.26.	The	difference	 from	these	X	coordinates	and	the	center	of	 the	room	
along	 the	 X-axis	 is	 0.23	 meter,	 0.06	 meter	 and	 0.09	 meter.	 In	 this	 setting,	 it	 seems	 like	 the	
weighted	algorithm	could	have	a	pull	towards	the	geometric	center	of	the	room.	Another	way	to	
look	 at	 it,	 is	 to	 describe	 it	 as	 really	 accurate	 since	 the	 X	 coordinate	 of	 the	 test	 points	 were	
located	at	2.35,	1.675	and	2.35	respectively.		

If	 the	 algorithm	 indeed	has	 a	 pull	 then	 the	data	 amongst	 the	 Y-axis	 should	 indicate	 the	 same	
pattern.	 Along	 the	 Y-axis,	 the	 difference	 between	 calculated	 positions	 and	 the	 center	 of	 Y	 is	
calculated	to	be	2.42	meters,	1.58	meters	and	1.50	meters.		

The	test	points’	positions	are	more	spread	out	along	the	Y-axis	than	they	are	along	the	X-axis.	
Observing	Table	4.13,	a	pulling	behaviour	is	not	obvious	but	there	are	some	tendencies.	If	there	
is	such	behaviour	in	the	algorithm	it	can	be	an	effect	of	either	the	positioning	of	the	reference	
points,	the	selected	weighting	approach,	or	the	stepping	method	in	general.		

When	 it	 comes	 to	 the	 implementation,	more	 reference	points	 should	 increase	 the	accuracy	of	
the	 algorithm,	 but	 it	 also	 results	 in	more	work	 of	 pre	 recording	 these.	When	doing	 a	 general	
approach,	 the	 reference	 point	 needs	 to	 be	 multiplied	 with	 some	 constant	 that	 adjusts	 the	
measurements	 to	each	separate	device	since	 it	 is	known	that	 results	may	vary	 from	device	 to	
device.	Implementing	this	algorithm	in	a	live	scenario	thus	adds	a	calibration	step	for	each	new	
device	 that	 would	 like	 to	 utilize	 the	 system.	 A	 similar	 constant	 would	 be	 needed	 in	 the	
trilateration	case	as	well.		

Overall	 the	 fingerprinting	algorithm	performed	well	but	 its	big	disadvantage	 is	 the	 setup.	For	
every	 new	 site	 in	 which	 a	 fingerprinting	 algorithm	 is	 to	 be	 applied,	 a	 new	 radio	 map	 with	
reference	points	is	needed.	
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5.3	Trilateration	and	fingerprinting	
In	general	the	fingerprinting	algorithms	performed	better	in	terms	of	accuracy.	Comparing	the	
total	 Euclidean	distance	between	 calculated	points	 and	 actual	 points	 the	 following	 values	 are	
observed,	4.44	meters	for	fingerprinting,	5.1	meters	for	weighted	fingerprinting,	9.22	meters	for	
trilateration	and	6.63	meters	for	the	best	weighted	trilateration	approach.		
A	 reason	 why	 the	 trilateration	 approach	 performed	 lesser	 could	 be	 the	 choice	 of	 low	
transmission	strength	on	the	beacons.	As	stated	before,	the	strength	of	the	beacons	were	set	to	
the	predefined	setting	of	-12	dBm,	which	lets	the	beacons	broadcast	for	roughly	three	years.	The	
trilateration	 approach	 may	 be	 more	 sensitive	 to	 low	 signal	 strengths	 since	 RSSI	 to	 distance	
calculation	 is	 considered	 unreliable	 at	 distances	 over	 a	 few	meters.	With	 a	 higher	 broadcast	
strength,	 this	reliable	 interval	becomes	larger.	A	comparison	on	a	higher	strength	would	most	
likely	 improve	 the	 fingerprinting	 results	 as	well,	 but	 the	question	here	 is	whether	 the	 results	
would	be	more	visible	in	the	trilateration	case	over	the	fingerprinting	case.		

In	 terms	 of	 accuracy,	 from	 the	 findings	 of	 this	 study,	 the	 fingerprinting	 approach	 performs	
better	than	the	trilateration	approach.		

There	 are	 many	 ways	 to	 improve	 these	 algorithms,	 for	 instance	 in	 both	 these	 algorithms,	
implementing	methods	 that	would	 take	 people	 into	 consideration	 is	 a	 possibility.	 Based	 on	 a	
user’s	 previous	position,	 and	 a	new	position,	 a	 sense	of	 direction	 can	be	 estimated.	With	 this	
sense	of	direction,	considering	that	most	people	hold	their	devices	in	front	of	them	when	they	
are	actively	using	their	phones,	the	expected	RSSI	received	from	directions	behind	the	user	can	
be	lowered.		

In	 terms	 of	 implementation	 and	 method,	 the	 fingerprinting	 algorithms’	 disadvantage	 in	
comparison	 to	 trilateration	 is	 of	 course	 the	 setting	 up	 of	 the	 radio	 map.	 The	 trilateration	
algorithms	 also	 need	 some	 measurements,	 such	 as	 deciding	 the	 path	 loss	 constant	 and	 the	
signal	strengths	at	one	meter	from	each	beacon.	But	the	overall	work	is	less.	When	it	comes	to	
setting	 up	 a	 live	 software	 application,	 an	 application	 for	 the	 purpose	 of	 fingerprinting	 needs	
access	to	radio	map	database.		

In	 general,	 the	 advantages	 of	 the	 fingerprinting	 algorithm	 outweigh	 the	 disadvantages	 in	
comparison	 to	 trilateration.	 Within	 the	 boundaries	 of	 this	 test,	 this	 algorithm	 must	 be	
considered	 to	 be	 the	 better	 approach.	 Within	 a	 setting	 that	 is	 more	 dependent	 on	 good	
scalability	however,	 the	 regular	 trilateration	approach	could	be	a	good	choice	 since	 it	doesn’t	
differ	too	much	from	the	fingerprinting	approaches	in	terms	of	summed	error.		 	
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5.4	Advantages	of	Bluetooth	Smart	and	beacons	
The	general	advantages	of	beacons	are	as	discussed	before,	the	low	costs	and	the	fact	that	they	
are	 independent	 from	 power	 sources	 as	 they	 run	 on	 batteries.	 In	 comparison	 to	 regular	
Bluetooth,	 Bluetooth	 Smart	 has	 the	 broadcasting	 ability,	 which	 allows	 IPS	 of	 over	 7	 units.	
Regular	Bluetooth	is	 limited	to	this	number	by	the	master-slave	 identification	bits.	More	units	
within	Bluetooth	can	be	seen,	but	a	full	Bluetooth	scan	takes	10.24	seconds.	If	a	master	wishes	
to	replace	a	slave	while	moving	through	a	larger	system,	the	scan	cycle	time	can	be	problematic.	

A	 disadvantage	with	Bluetooth	 Smart	 beacons	 that	 run	 on	 batteries	 is	 that	 in	 a	 deployed	 IPS	
based	network,	these	will	eventually	have	to	be	replaced.	The	accuracy,	in	terms	of	transmission	
strength,	of	the	system	also	has	a	trade	off	linked	to	the	life	expectancy	of	each	beacon.	Regular	
Bluetooth	provides	better	accuracy	but	is	limited	to	the	number	of	units	that	can	be	deployed	in	
a	system.	Compared	to	Wi-Fi,	Bluetooth	smart	has	similar	signal	strengths.			

When	deploying	 a	 fingerprinting	 IPS,	 using	beacons	 and	Bluetooth	 Smart	 is	 a	 solid	 approach.	
Having	 many	 well-distributed	 beacons	 in	 a	 larger	 network	 would	 provide	 a	 large	 matrix	 of	
positions	and	signal	strengths.	In	a	large	setting,	some	beacons	might	not	produce	a	fingerprint	
in	some	coordinates.	In	order	to	retrieve	better	comparisons	in	such	a	system	where	all	beacons	
are	not	viable	at	once,	only	considering	the	Euclidean	distance	might	prove	disadvantageous.	A	
system	 like	 this	 would	 need	 to	 take	 into	 consideration	 which	 beacons	 are	 producing	 what	
distances.	 Such	 a	 system	 could	 match	 the	 relevant	 beacons	 from	 the	 reference	 points.	 If	 a	
reference	 point	 cannot	 see	 beacon	 A,	 then	 beacon	 A	 should	 not	 contribute	 to	 the	 Euclidean	
distance	calculation	towards	that	reference	point.	

In	 a	 trilateration	 approach,	 beacons	 based	 on	 Bluetooth	 Smart	 are	 perhaps	 not	 the	 optimal	
choice.	 Since	 calculating	 distance	 from	 RSSI	 is	 considered	 unreliable,	 utilizing	 a	 radio	
technology	 with	 stronger	 signals	 might	 be	 preferable.	 For	 instance,	 an	 implementation	 with	
regular	Bluetooth	might	provide	better	results	or	utilizing	systems	already	in	place	such	as	Wi-
Fi	routers.		
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5.5	Error	factors	and	sources	
A	first	topic	of	error	factors	is	the	problematic	west	beacon.	From	the	results,	it	was	pointed	out	
that	the	west	beacon	had	lower	transmission	strength	than	the	rest.	It	is	noted	in	Table	4.2,	that	
the	west	beacon	produces	a	positive	result	of	0.2	in	the	calculations	of	the	room	constants	while	
as	 the	other	beacons	produce	a	negative	result	between	 -.81	and	 -2.31.	This	 is	a	consequence	
from	the	average	of	 the	reference	points	having	a	higher	RSSI	 then	the	reference	value	at	one	
meter.	In	Table	5.1	a	comparison	between	the	average	RSSI	of	the	reference	points	is	compared	
to	 the	 reference	 value.	 This	 behaviour	 is	 not	 visible	 from	 the	 four	 other	 beacons	 where	 the	
trend	is	that	reference	points	located	further	away	has	a	lower	RSSI	then	reference	value.	These	
four	 beacons	 also	 display	 a	 larger	 gap	 between	 reference	 value	 and	 average	 from	 the	whole	
series.		

Beacon	 Northeast	 Southeast	 West	 North	 South	
Reference	value	 -65.9	 -73.8	 -82.2	 -64.9	 -66.6	

Average	RSSI	of	whole	series	 -78.4	 -82.6	 -81.8	 -79.7	 -74.3	
Table	5.1	Average	RSSI	at	reference	points	compared	to	reference	values.		

Overall,	 the	 impact	 of	 this	 beacon	probably	 affects	 the	 trilateration	 algorithms	more	 than	 the	
fingerprinting	algorithms.	Since	 trilateration	 relies	on	converting	RSSI	 into	distance,	 a	beacon	
with	a	considerably	weaker	output	becomes	unreliable	at	a	shorter	distance	than	the	rest.	In	the	
trilateration	approach,	this	beacon	directly	affects	the	distance	towards	the	west	beacon.	In	the	
fingerprinting	 approach	 this	 error	 is	 spread	 out	 in	 15	 comparisons	 towards	 each	 reference	
point.	It	can	also	be	noted	that	it	is	the	reference	value,	and	not	the	average	of	the	whole	series	
that	stands	out	in	the	case	of	the	west	beacon.		

It	 is	 mentioned	 in	 the	 3.1.2.2	 that	 the	 screen	 was	 always	 facing	 the	 roof	 and	 the	 speaker	
pointing	 in	 the	 direction	 defined	 as	 the	 north	 wall.	 From	 [23]	 it	 is	 know	 that	 orientation	
matters.		However,	no	tools	were	used	to	ensure	perfect	angles	towards	the	north	wall	so	small	
variation	in	angles	towards	the	wall	may	occur.		

When	it	comes	to	the	placement	of	the	device	during	the	recordings	in	terms	of	height	above	the	
ground.	There	may	also	be	some	variations	because	different	boxes	and	objects	where	used	to	
reach	the	height	of	150	centimeters.	This	combination	of	boxes	and	objects	may	varied	a	bit	in	
height	depending	on	how	they	where	stack.	

In	 [16][19]	 the	 effect	 of	 human	bodies	 and	obstacles	 are	described.	No	human	bodies	where	
placed	within	the	test	area	or	interfering	with	the	perfect	 line	of	sight	conditions.	However,	 in	
some	 of	 the	 recordings	 employees	 had	 to	 move	 between	 a	 meeting	 in	 a	 room	 next	 to	 the	
northeast	beacon	through	the	open	space	behind	the	pillar	of	the	southeast	beacon	and	out	into	
the	main	hall.	They	did	not	cross	the	test	space	at	all.	It	is	hard	to	determine	if	this	would	cause	
any	 interference.	 Each	 transmission	 is	 sent	 out	 every	 second,	 and	 only	 received	 once.	 It	 is	
unlikely	 that	 a	 reflection	would	 be	 received	 over	 a	 direct	 signal.	 This	 can	 only	 happen	 if	 the	
direct	signal	is	not	recorded.	

From	[16]	it	is	known	that	different	materials	have	different	path	loss	while	being	penetrated.	
This	should	also	effect	the	reflection	and	how	strong	the	signal	is	after	bouncing	of	a	wall.	It	is	
hard	to	determine	how	the	different	wall	types	within	the	room	interacted	with	the	result.	Like	
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in	the	case	of	people	passing	outside	the	test	area,	only	non-direct	signals	would	be	affected.	A	
comparison	inside	a	defined	area	with	zero	walls	could	turn	out	to	be	interesting.		

From	[23]	it	is	known	that	RSSI	varies	between	different	devices.	In	the	trilateration	approach	
this	 is	 taking	 into	 consideration	 with	 different	 reference	 and	 room	 constants	 for	 different	
beacons.	In	the	case	of	fingerprinting,	this	is	not	accounted	for.	In	the	case	of	the	unreliable	west	
beacon,	it	was	concluded	that	the	implications	are	spread	out	to	all	the	test	points.	However,	if	
beacons	 seem	 to	 demonstrate	 a	 wide	 range	 of	 average	 RSSI	 series,	 a	 normalization	 function	
could	be	needed	to	provide	all	beacons	with	similar	impact.		

Bluetooth	 technology,	 with	 its	 signal	 hopping	 is	 designed	 to	 interact	 with	 other	 radio	
technologies	 with	 minimal	 interferences.	 It	 is	 hard	 to	 determine	 how	 or	 what	 could’ve	
interfered.	It	is	however	known,	that	no	other	Bluetooth	Smart	devices	where	registered	in	the	
proximity	to	the	test	site	while	the	test	was	being	conducted.	
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6 Conclusions	and	future	work	
In	this	chapter	conclusions	and	propositions	for	future	work	and	research	are	presented.		

6.1	Conclusions		
Overall,	 the	 fingerprinting	 approach	 was	 the	 most	 feasible	 choice	 of	 approach	 within	 in	 the	
boundaries	of	this	study.	As	stated	before,	the	unreliability	of	calculating	distances	from	RSSI	is	
disadvantageous	 to	 the	 trilateration	 approach.	 The	 fingerprinting	 algorithm	 performed	more	
accurate	 in	 both	 the	 weighted	 approach	 and	 the	 regular	 approach.	 The	 best	 performing	
algorithm	when	 it	 comes	 to	accuracy	was	 the	 regular	 fingerprinting	approach.	 It	was	 in	 total,	
summing	up	the	errors,	slightly	better	than	the	weighted	approach.		

There	are	 two	 factors	 that	work	 in	 the	 favour	of	 trilateration;	 these	are	 scalability	and	 setup.	
These	are	actually	connected.	In	a	fingerprinting	system,	there	is	more	setup	required.	A	radio	
map	needs	to	be	created	and	having	more	reference	points	provide	better	results.	 In	terms	of	
scalability,	the	complexity	of	the	setup	process	increases	as	the	system	grows	if	same	amount	of	
accuracy	is	wanted.	In	a	large	system,	some	kind	of	weighted	trilateration	approach	might	prove	
to	be	advantageous,	as	a	larger	trilateration	system	generally	just	needs	more	beacons.		

When	it	comes	to	scalability,	a	system	that	uses	some	kind	of	weighting	and	other	methods	of	
boosting	 results	would	 certainly	work	 in	 a	 trilateration	 approach	 favour.	 In	 a	 large	 system,	 a	
radio	map	covering	many	locations	and	many	beacons	will	be	demanding	to	set	up.	So	speaking	
in	terms	of	scalability	a	trilateration	approach	is	advantageous.		

To	 round	of	 this	work	 lets	briefly	 reconnect	with	our	 formulated	 research	questions,	 starting	
with	the	sub-questions.	

What	 positioning	 algorithms	 can	 be	 utilized	 within	 Bluetooth	 Smart	 and	 similar	 radio	
technologies?	

In	 the	 literature	 review,	 it	 was	 concluded	 that	 a	 trilateration	 approaches	 and	 fingerprinting	
approaches	are	suitable	for	the	purpose	creating	an	IPS	with	Bluetooth	Smart.	

How	does	these	positioning	algorithms	perform	against	each	other	in	terms	of	accuracy,	setup	and	
implementation?	
	
In	terms	of	accuracy,	a	fingerprinting	approach	has	proven	to	be	better	within	the	boundaries	of	
this	study.	When	it	comes	to	implementation	and	setup,	a	trilateration	approach	is	better.	
	
What	 advantages	 and	 disadvantages	 does	 a	 Bluetooth	 Smart	 system	 implementing	 these	
positioning	algorithms	have	compared	to	other	radio	technologies?	
	
The	 advantages	 of	 Bluetooth	 Smart	 are	 the	 low	 costs	 and	 the	 mobility.	 A	 broadcasting	
functionality	 allows	 implementation	 of	 larger	 systems	 than	 regular	 Bluetooth.	 The	
disadvantages	 are	 the	 weak	 signals,	 and	 the	 fact	 that	 beacons	 will	 constantly	 needs	 to	 be	
replaced	in	an	IPS.	

Is	Bluetooth	Smart	a	viable	choice	for	the	purpose	of	building	an	indoor	positioning	system?	
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Overall,	 Bluetooth	 Smart	 is	 a	 viable	 choice	when	 constructing	 an	 IPS,	 depending	 on	 location,	
scale,	 and	 establishment	 of	 other	 systems	 such	 as	 Wi-Fi	 and	 Bluetooth.	 The	 fingerprinting	
approach	would	be	the	choice	for	such	a	system.	

As	 a	 concluding	 remark,	Bluetooth	Smart	 and	 iBeacon	 implementations	 can	 function	well	 but	
they	 will	 most	 likely	 not	 be	 the	 groundbreaking	 technology	 that	 will	 allow	 location	 based	
services	to	thrive	as	it	has	with	GPS	in	outdoor	environments.			

6.2	Future	work	
Several	 topics	 that	 could	be	examined	 further	are	noticed	during	a	process	 like	 this.	Here	are	
some	suggestions	for	future	work,	ideas	encountered	during	this	project.	

It	 is	 mentioned	 throughout	 the	 discussion	 and	 the	 conclusion	 that	 the	 results	 from	 the	
trilateration	approach	could	be	more	accurate	if	higher	transmission	strengths	were	to	be	used.	
In	the	trade	off	between	having	a	system	that	could	run	for	a	longer	period	of	time	and	selecting	
high	transmission	strength,	the	former	was	chosen.	One	aspect	to	investigate	with	future	work	
would	be	to	do	these	comparisons	on	different	transmission	strengths.	

The	 fingerprinting	 algorithms	 proved	 to	 be	more	 exact	 by	 this	 study,	with	 the	 disadvantages	
that	come	on	a	deployment	of	a	 larger	scale,	 therefore,	an	interesting	selection	of	 future	work	
would	be	 investigating	 if	 the	deployment	process	could	be	 facilitated,	or	even	automated.	For	
instance,	one	could	create	a	model	based	on	matching	blueprints	and	extrapolating	radio	maps	
of	already	known	blueprints	 into	 similar	unknown	 locations.	Another	example	 is	 a	 radio	map	
that	is	constantly	updating	itself	while	it	is	being	used.	With	known	facts,	such	as	entry	points,	
and	direction	data	might	be	continually	evaluated	and	updated.		 	
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Appendix	

Appendix	A	
Mean	RSSI	values	from	the	15	reference	points	and	the	three	test	points.		

X	 Y	 Northeast	 Southeast	 West	 North	 South	
1.0	 1.0	 -81.4	 -81.9	 -90.2	 -82.4	 -64.8	
1.0	 4.0	 -78.8	 -78.1	 -80.5	 -85.0	 -73.3	
1.0	 6.5	 -75.2	 -79.8	 -82.2	 -80.2	 -78.5	
1.0	 9.0	 -83.1	 -86.8	 -78.8	 -81.0	 -78.9	
1.0	 12.0	 -71.7	 -86.4	 -88.0	 -72.9	 -82.1	
2.35	 1.0	 -83.0	 -87.2	 -85.6	 -86.9	 -66.6	
2.35	 4.0	 -75.3	 -76.8	 -74.6	 -81.0	 -69.5	
2.35	 6.5	 -82.5	 -82.8	 -77.6	 -82.8	 -84.1	
2.35	 9.0	 -75.0	 -83.3	 -80.0	 -72.6	 -75.7	
2.35	 12.0	 -80.3	 -86.0	 -83.1	 -64.9	 -76.4	
3.7	 1.0	 -88.5	 -85.4	 -85.7	 -86.5	 -64.1	
3.7	 4.0	 -81.9	 -73.8	 -78.9	 -86.3	 -67.4	
3.7	 6.5	 -81.8	 -76.6	 -80.1	 -80.7	 -74.0	
3.7	 9.0	 -65.9	 -82.8	 -80.4	 -74.6	 -76.5	
3.7	 12.0	 -71.0	 -91.8	 -81.0	 -78.0	 -82.5	
X	 Y	 Northeast	 Southeast	 West	 North	 South	

2.35	 2.50	 -84.5	 -76.3	 -87.2	 -82.8	 -70.8	
1.675	 6.50	 -83.4	 -78.0	 -76.5	 -82.5	 -72.6	
2.35	 10.50	 -71.0	 -85.4	 -80.4	 -74.6	 -78.9	
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Appendix	B	
Appendix	B	displays	the	distance	to	each	reference	point	and	the	calculated	pull	towards	each	
reference	point.	

Appendix	B1	
In	Appendix	B1	the	calculated	pulls	and	distances	in	test	point	one	are	presented.	(2.35,	2.5)	

X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	 Pull	
1	 1	 -3.1	 5.7	 3.0	 -0.4	 -6.1	 9.35	 242.33	
1	 4	 -5.7	 1.9	 -6.8	 2.2	 2.5	 9.64	 233.37	
1	 6.5	 -9.3	 3.6	 -5.0	 -2.6	 7.7	 13.80	 123.63	
1	 9	 -1.4	 10.6	 -8.5	 -1.8	 8.0	 15.91	 81.19	
1	 12	 -12.8	 10.2	 0.8	 -10.0	 11.3	 22.23	 7.23	

2.35	 1	 -1.5	 11.0	 -1.6	 4.0	 -4.3	 12.62	 151.29	
2.35	 4	 -9.2	 0.5	 -12.6	 -1.8	 -1.4	 15.76	 83.85	
2.35	 6.5	 -2.0	 6.5	 -9.7	 0.0	 13.2	 17.74	 51.48	
2.35	 9	 -9.5	 7.1	 -7.3	 -10.2	 4.9	 17.93	 48.78	
2.35	 12	 -4.2	 9.8	 -4.2	 -17.9	 5.6	 21.96	 8.73	
3.7	 1	 4.0	 9.2	 -1.6	 3.7	 -6.7	 12.69	 149.56	
3.7	 4	 -2.6	 -2.4	 -8.4	 3.4	 -3.5	 10.31	 213.38	
3.7	 6.5	 -2.7	 0.3	 -7.1	 -2.1	 3.2	 8.52	 268.76	
3.7	 9	 -18.6	 6.5	 -6.9	 -8.2	 5.7	 23.14	 3.15	
3.7	 12	 -13.5	 15.6	 -6.3	 -4.8	 11.6	 24.92	 0.00	

	
	 	



Appendix		

	 49	

Appendix	B2	
In	Appendix	B2	the	calculated	pulls	and	distances	in	test	point	two	are	presented.	(1.675,	6.5)	

X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	 Pull		
1	 1	 -1.9	 3.9	 13.7	 0.0	 -7.8	 16.38	 41.87	
1	 4	 -4.6	 0.1	 4.0	 2.6	 0.7	 6.61	 263.57	
1	 6.5	 -8.2	 1.8	 5.7	 -2.3	 5.9	 11.96	 118.60	
1	 9	 -0.2	 8.8	 2.3	 -1.5	 6.3	 11.16	 136.66	
1	 12	 -11.7	 8.4	 11.5	 -9.6	 9.5	 22.85	 0.00	

2.35	 1	 -0.4	 9.2	 9.1	 4.4	 -6.0	 14.93	 62.72	
2.35	 4	 -8.0	 -1.2	 -1.9	 -1.4	 -3.1	 9.02	 191.17	
2.35	 6.5	 -0.9	 4.8	 1.1	 0.3	 11.5	 12.51	 106.77	
2.35	 9	 -8.4	 5.3	 3.4	 -9.9	 3.1	 14.74	 65.74	
2.35	 12	 -3.1	 8.0	 6.6	 -17.5	 3.8	 20.96	 3.58	
3.7	 1	 5.1	 7.4	 9.2	 4.1	 -8.4	 15.92	 48.04	
3.7	 4	 -1.4	 -4.2	 2.4	 3.8	 -5.2	 8.16	 215.70	
3.7	 6.5	 -1.6	 -1.4	 3.6	 -1.8	 1.5	 4.77	 326.63	
3.7	 9	 -17.5	 4.8	 3.8	 -7.9	 4.0	 20.49	 5.57	
3.7	 12	 -12.3	 13.8	 4.5	 -4.5	 9.9	 21.91	 0.88	
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Appendix	B3	
In	Appendix	B3	the	calculated	pulls	and	distances	in	test	point	three	are	presented.	(2.35,	10.5)	

X	 Y	 Northeast	 Southeast	 West	 North	 South	 Distance	 Pull	
1	 1	 10.4	 -3.5	 9.8	 7.8	 -14.2	 21.89	 19.83	
1	 4	 7.7	 -7.3	 0.1	 10.4	 -5.6	 15.92	 108.69	
1	 6.5	 4.2	 -5.6	 1.8	 5.6	 -0.4	 9.12	 296.42	
1	 9	 12.1	 1.4	 -1.6	 6.4	 -0.1	 13.84	 156.17	
1	 12	 0.7	 1.0	 7.6	 -1.7	 3.2	 8.50	 318.15	

2.35	 1	 12.0	 1.8	 5.2	 12.2	 -12.3	 21.81	 20.53	
2.35	 4	 4.3	 -8.7	 -5.8	 6.4	 -9.5	 16.05	 105.95	
2.35	 6.5	 11.4	 -2.7	 -2.8	 8.2	 5.1	 15.48	 117.88	
2.35	 9	 4.0	 -2.1	 -0.4	 -2.0	 -3.2	 5.90	 417.96	
2.35	 12	 9.3	 0.6	 2.7	 -9.7	 -2.5	 13.89	 154.93	
3.7	 1	 17.5	 0.0	 5.3	 11.9	 -14.8	 26.34	 0.00	
3.7	 4	 10.9	 -11.6	 -1.5	 11.7	 -11.6	 22.91	 11.79	
3.7	 6.5	 10.8	 -8.9	 -0.3	 6.1	 -4.9	 16.00	 106.98	
3.7	 9	 -5.1	 -2.7	 0.0	 0.0	 -2.4	 6.24	 403.89	
3.7	 12	 0.0	 6.4	 0.6	 3.4	 3.6	 8.07	 333.72	
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