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Abstract	
Network-RTK	 is	 a	method	 of	 relative	measuring	 using	 GNSS	 that	 provides	 users	 in	 a	
large	area	with	an	easy	way	obtaining	low	uncertainties	in	their	measurements.	Regular	
network-RTK	does	not	meet	the	requirements	of	the	Swedish	Transport	Administration	
(STA)	 regarding	 its	 larger	 and/or	 more	 complex	 projects,	 leading	 to	 the	 concept	 of	
project-based	 network-RTK	 being	 introduced	 in	 Sweden	 by	 the	 STA,	 in	 collaboration	
with	 the	network-RTK	service	provider	SWEPOS	back	 in	2004.	This	 concept	 improves	
upon	 regular	network-RTK	by	decreasing	 the	uncertainties	 and	 increasing	 reliabilities	
within	the	project	area.	SWEPOS	has	since	the	collaboration	back	in	2004	supplied	the	
STA	with	project-based	network-RTK	services.		
	
The	market	is	not	the	same	today	as	it	was	in	2004	and	there	are	more	service	providers	
active	in	Sweden.	This	thesis	intends	to	find	out	if	this	new	market	means	that	there	are	
other	alternatives	to	SWEPOS	with	regards	to	the	STA’s	requirements	for	project-based	
network-RTK.	 This	 is	 done	 through	 a	 technical	 comparison	 of	 the	 different	 service	
provider’s	measurement	 uncertainties	 and	 their	measurement	 accuracies	 as	well	 as	 a	
comparison	of	their	surrounding	infrastructure	and	the	subjective	user	experience.	
	
Similar	 studies	 have	 been	 conducted	 before	 (Edwards	 et	 al.,	 2010)	 (Martin	 and	
MacGovern,	2012)	(Saeidi,	2012),	but	never	in	Sweden	nor	with	SWEPOS	as	one	of	the	
service	 providers	 as	 it	 is	 only	 available	 in	 Sweden.	 Neither	 have	 they	 had	 a	 focus	 on	
measurement	 uncertainties	 and	 accuracies	 in	 a	 project-based	 network-RTK	 net.	 They	
have	all	concluded	that	there	were	no	significant	differences	between	any	of	the	service	
providers	compared,	in	both	the	measurement	uncertainties	and	accuracies.	
	
For	the	technical	part	of	this	thesis,	measurements	were	conducted	at	four	sites:	two	at	
different	locations	within	the	area	of	a	former,	STA	project-site,	one	within	the	regular	
net	and	the	final	site	outside	the	entire	net,	with	the	amount	of	collected	data	varying	for	
the	different	 sites.	 Five	different	GNSS	 receivers	of	different	brands	were	used	 for	 the	
measurements	to	make	it	as	general	as	possible.	
	
The	results	show	that	there	are	slight	differences	in	the	height	uncertainty,	but	the	scope	
of	 this	 thesis	 does	 not	 permit	 the	 full	 correlation	 study	 needed	 to	 determine	 if	 these	
differences	are	significant.	There	does	not	seem	to	be	any	differences	in	the	accuracies	of	
the	 service	 provider.	 Some	 of	 the	 sites	 with	 less	 data	 collected	 show	 contradictory	
evidence	to	this	statement,	but	it	is	deemed	that	these	deviations	are	more	likely	related	
to	something	other	than	the	service	providers,	such	as	human	interference	or	errors.	
	
Large	differences	exist	 in	 the	user	experience	and	 surrounding	 infrastructure,	 an	area	
where	SWEPOS	at	 the	moment	has	a	clear	 lead.	This	 is	believed	 to	be	due	 to	SWEPOS	
primarily	being	a	network-RTK	service	provider	and	thus	allocating	more	resources	and	
personnel,	 whilst	 the	 other	 service	 providers	 also	 serve	 as	 equipment	 vendor	 and	
maintainers.	
	
Combining	 the	 two	 comparison	 parts	 leads	 to	 the	 overall	 conclusion	 that	 with	 the	
service	 providers	 in	 their	 current	 state	with	 the	 requirements	 of	 the	 STA	 specified	 in	
their	 current	 state,	 only	 SWEPOS	 is	 a	 viable	 alternative	 as	 a	 supplier	 of	 project-based	
network-RTK.	But	this	is	something	that	could	change	with	relative	ease	depending	on	if	
the	other	service	providers	allocate	more	resources.	 	
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Sammanfattning	
Nätverks-RTK	är	en	metod	för	relativ	mätning	med	hjälp	av	GNSS	som	ger	användare	i	
stora	områden	ett	enkelt	 sätt	att	 förbättra	osäkerheterna	 i	 sina	mätningar.	 I	början	av	
2000	 talet	 då	 frågan	 om	 alternativa	 lösningar	 till	 stomnät	 på	 marken	 aktualiserades	
uppfyllde	 inte	 tillgängliga	 nätverks-RTK-lösningar	 Trafikverkets	 (TrV)	 krav	 på	
mätningar	när	det	gäller	dess	större	och/eller	mer	komplexa	projekt.	Något	som	ledde	
till	 att	 konceptet	 projektbaserad	 nätverks-RTK	 infördes	 i	 Sverige	 av	 TrV	 i	 samarbete	
med	 tjänsteleverantören	 SWEPOS	2004.	Detta	 koncept	 förbättrar	 vanlig	nätverks-RTK	
genom	att	minska	 osäkerheterna	 ytterligare	 och	 öka	 tillförlitligheten	 inom	 ett	mindre	
projektområde.	 SWEPOS	 har	 sedan	 detta	 samarbete	 2004	 levererat	 projektbaserade	
nätverks-RTK	tjänster	till	TrV.	
	
Marknaden	 är	 inte	 samma	 dag	 som	 den	 var	 2004	 och	 det	 finns	 fler	 verksamma	
tjänsteleverantörer	 i	 Sverige.	Detta	 examensarbete	 avser	 att	 ta	 reda	på	om	denna	nya	
marknad	 innebär	 att	 det	 finns	 andra	 alternativ	 till	 SWEPOS	med	avseende	på	de	krav	
TrV	har	på	projektbaserad	nätverks-RTK.	Något	som	sker	genom	en	teknisk	jämförelse	
av	 de	 olika	 tjänsteleverantörernas	 mätosäkerheter	 och	 deras	 noggrannheter	 samt	 en	
jämförelse	av	deras	omgivande	infrastruktur	och	den	subjektiva	användarupplevelsen.	
	
Liknande	 studier	 har	 gjorts	 tidigare	 (Edwards	 et	 al.,	 2010)	 (Martin	 och	 MacGovern	
2012)	 (Saeidi,	 2012),	 men	 aldrig	 i	 Sverige	 och	 med	 SWEPOS	 som	 ett	 av	
jämförelseobjekten.	De	har	inte	heller	haft	fokus	på	mätosäkerheter	och	noggrannheter	
under	projektbaserade	nätverks-RTK	förhållanden.	De	har	alla	haft	samma	slutsats:	att	
det	inte	finns	några	signifikanta	skillnader	mellan	de	jämförda	tjänsteleverantörerna.	
	
För	 den	 tekniska	 jämförelsen	 har	 mätningar	 utförts	 på	 fyra	 platser:	 två	 inom	 ett	
befintligt	TrV	projektområde,	en	 i	det	ordinarie	nätet	och	den	sista	utanför	hela	nätet,	
där	 den	 insamlade	 datamängden	 varierar	 för	 de	 olika	 platserna.	 Fem	 olika	 GNSS-
mottagare	av	olika	märken	användes	för	att	göra	mätningarna	så	allmänna	som	möjligt.	
	
Resultaten	 visar	 att	 det	 finns	 små	 osäkerhetsskillnader	 i	 höjd,	men	 för	 att	 avgöra	 om	
dessa	skillnader	är	signifikanta	eller	ej	så	skulle	en	fullständig	korrelationsanalys	av	de	
olika	tjänsteleverantörerna	behövas,	något	som	inte	ryms	inom	detta	arbete.	Det	verkar	
inte	 heller	 finnas	 några	 signifikanta	 skillnader	 i	 noggrannhet	 hos	 tjänsteleverantören.	
Några	av	platser	med	mindre	mängd	insamlad	data	uppvisar	motsägande	resultat,	men	
detta	bedöms	bero	mer	på	andra	 faktorer	än	tjänsteleverantörer	 i	sig,	såsom	mänsklig	
påverkan	etc.	
	
Användarupplevelsen	 och	 tjänsteleverantörernas	 omgivande	 infrastruktur	 uppvisar	
större	 skillnader,	 där	 SWEPOS	 för	 tillfället	 har	 ett	 klart	 övertag.	 Detta	 tros	 bero	 på	
SWEPOS	 främst	 är	 en	 tjänsteleverantör	 av	 nätverks-RTK	 och	 därmed	 har	 mer	
dedikerade	 resurser	 och	 personal,	 men	 de	 andra	 tjänsteleverantörerna	 även	 agerar	
leverantörer/försäljare	av	utrustning.	
En	kombination	av	de	två	 jämförelsedelarna	 leder	till	en	mer	generell	slutsats	att	med	
alla	 tjänsteleverantörer	 i	 sina	 nuvarande	 tillstånd	 alternativt	 utan	 en	 eventuell	
omformulering	 av	 TrVs	 krav,	 är	 enbart	 SWEPOS	 ett	 alternativ	 som	 leverantör	 av	
projektbaserad	nätverks-RTK	lösningar	till	TrV.	Men	detta	är	något	som	kan	förändras	
med	relativ	snabbt	beroende	på	om	andra	tjänsteleverantörerna	avsätter	mer	resurser	
eller	om	kraven	formuleras	om.	 	
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1	Introduction	

1.1	Background	
Work	 sites	 and	 projects	 that	 incorporate	 several	 teams	 of	 personnel	 working	
simultaneously	 and	 measuring	 can	 be	 a	 nightmare	 for	 the	 people	 responsible	 for	
combining	 and	 organizing	 the	 measurements.	 Teams	 coming	 from	 different	 regions	
might	use	totally	different	coordinate	systems	and	different	bases	of	reference	for	their	
measurements	 based	 on	 what	 they	 are	 comfortable	 with.	 This	 will	 produce	 friction	
zones	where	there	exist	measurements	in	the	near	vicinity	of	each	other,	with	different	
coordinate	 systems	 and	 bases	 of	 reference,	 leading	 to	 the	 question	 which	 one	 has	
precedence	over	the	other.	
	
A	solution	to	 this	 is	 to	enforce	 the	use	of	network-RTK	when	possible.	This	method	of	
relative	GNSS	measurements	allows	an	almost	unlimited	amount	of	simultaneous	users,	
to	utilize	the	same	base	of	reference	with	minimal	manual	input.	However,	network-RTK	
derives	 its	 uncertainties	 from	 the	 level	 of	 reference	 station	 net-densification	with	 the	
standard	level	in	Sweden	only	allowing	for	the	change	in	a	very	limited	number	of	tasks.		
	
This	has	a	solution	 in	 the	 form	of	 the	concept	of	project-based	network-RTK,	meaning	
that	 additional	 reference	 stations	 are	 placed	 around	 the	 project	 area,	 densifying	 the	
reference	station	network,	reducing	the	uncertainties	and	increasing	the	reliabilities	of	
the	measurements	performed	within	the	project.	The	Swedish	Transport	Administration	
(STA)	has	utilized	this	concept	at	 large	and/or	complex	work	sites	around	the	country	
for	the	last	decade	when	it	was	first	introduced	in	Sweden.		

1.2	Problem	definition	
Since	 the	 concept	 of	 project-based	 network-RTK	 (explained	 further	 in	 2.7.4)	 was	
introduced	 in	 Sweden	 back	 in	 2004	 as	 a	 collaboration	 between	 the	 Swedish	 Road	
Administration	(now	Swedish	Transport	Administration)	and	SWEPOS,	they	have	been	
the	general	supplier	of	these	services	to	the	STA	via	a	framework	agreement.	However	
the	market	 today	 is	 not	 the	 same	 and	 there	 are	more	 service	 providers	 active	 in	 the	
country	 that	 also	might	 be	 viable	 for	 this	 type	 of	 solution;	 no	 investigation	 has	 been	
done	 into	 the	 uncertainties	 and	 accuracies	 of	 these	 service	 providers	 as	well	 as	 their	
suitability	 for	 the	 requirements	 of	 the	 STA.	 Studies	 have	 been	 conducted	 abroad	
comparing	 different	 service	 providers	 in	 terms	 of	 comparable	 uncertainties	 and	
accuracies	 ((Edwards	 et	 al.,	 2010),	 (Martin,	McGovern,	 2012),	 (Saeidi,	 2012));	 neither	
one	 of	 these	 have	 included	 SWEPOS,	 nor	 have	 they	 been	 performed	 with	 a	 focus	 on	
measurement	uncertainties	 in	a	project-based,	very	dense	CORS	(Constantly	Operating	
Reference	Station)	network.		
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1.3	Purpose	
The	purpose	of	this	thesis	is	to	do	a	comparison	over	the	service	providers	of	network-
RTK	solutions	currently	active	in	Sweden.	Focus	will	be	put	on	project-based	network-
RTK	 conditions,	 meaning	 dense	 CORS	 networks,	 and	 can	 be	 summarized	 into	 the	
following	bullets:		

• Obtainable	measurement	uncertainties	–	Are	 there	any	differences	between	the	
service	providers?	Do	they	all	pass	the	current	demands	set	by	the	STA	regarding	
project-based	network-RTK?		

• Measurement	 accuracy	 and	 performance	 –	 Does	 systematic	 errors	 exist	 in	 the	
corrections	 transmitted	 by	 any	 service	 providers?	 Does	 the	 time	 to	 fix	 differ	
significantly	between	them?		

• Interoperability	 –	 Do	 the	 service	 providers	 yield	 equal	 results	 when	 using	
receivers	from	different	brands?	

• Surrounding	 infrastructure	 and	 user	 experience	 –	 What	 is	 the	 surrounding	
infrastructure	of	the	different	service	providers	like	in	terms	of	e.g.	support	and	
what	is	the	overall	user	experience	like?		

1.4	Terminology	definition	
The	main	 conceptual	 understanding	 needed	 by	 the	 reader	 is	 the	 distinction	 between	
accuracy	 and	 uncertainty.	 A	 brief	 explanation	 is	 shown	 below	 in	 Figure	 1.	 It	 can	 be	
summarized	as;	uncertainty	 is	a	measure	on	how	large	the	spread	 is	around	the	mean	
value,	 whilst	 the	 accuracy	 is	 the	 deviation	 from	 a	 predefined	 reference	 value	 that	 is	
considered	to	be	true.	
	

	
Figure	1.	Explanatory	picture	over	the	concepts	of	uncertainty	and	accuracy.	A	represents	a	low	uncertainty	
and	a	high	accuracy,	B	represents	high	uncertainty	and	low	accuracy,	C	represents	low	uncertainty	and	low	
accuracy	whilst	D	represents	high	uncertainty	and	a	high	accuracy.	
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2	Literature	review	

2.1	Global	Navigation	Satellite	System	
GNSS,	short	for	Global	Navigation	Satellite	System,	refers	to	a	constellation	of	satellites	
in	space	that	are	used	for	positioning	through	the	transmission	of	position-	and	timing	
data	 to	 receivers	on	earth.	Derived	 from	 its	name	 is	one	of	 the	requirements;	 that	 the	
constellation	has	to	have	global	coverage	(EGNOS,	2015).	Currently	there	are	two	GNSS,	
the	 American	 owned	 GPS	 and	 the	 Russian	 owned	 GLONASS.	 Europe	 is	 constructing	 a	
third	 GNSS,	 called	 Galileo	 (Lantmäteriet,	 2015b).	 There	 are	 also	 several	 other	
constellations	in	place	over	individual	countries	such	as	China	and	India,	they	lack	global	
coverage	and	thus	cannot	be	classed	as	a	GNSS	(Lantmäteriet,	2015d).	A	GNSS	is	divided	
into	three	segments:	space-,	control-	and	a	user-segment.	The	space	segment	consists	of	
the	satellites	continuously	circling	 the	earth	whilst	 the	control	segment	 is	 the	 tracking	
stations	that	monitor	the	satellites,	perform	analyses	to	ensure	optimal	functionality	and	
send	 commands	 and	 data	 to	 the	 satellites.	 The	 user	 segment	 is	 made	 up	 of	 all	 the	
receivers	 that	 utilize	 satellite	 positioning,	 such	 as:	 cars,	 mobile	 phones	 and	 more	
traditional	GNSS-receivers	(NOAA,	2015).		

2.2	Global	Positioning	System	
Global	Positioning	System,	or	GPS,	is	the	American	owned	GNSS	(GMV,	2011d).	It	started	
out	 as	 a	 military	 project	 to	 enable	 pinpoint	 precision	 when	 launching	 missiles	 from	
submarines	in	the	early	1970’s	and	in	1973	the	first	satellite	was	launched.	After	testing	
several	 different	 satellite	 designs,	 full	 global	 coverage	was	 reached	 in	 1993	when	 24	
satellites	had	been	 launched.	Currently	 the	 satellites	are	 spread	at	 six	different	planes	
with	 orbits	 of	 about	 20	 000	 kilometres.	 GPS	 satellites	 transmit,	 depending	 on	 launch	
year,	 on	 several	 different	 frequencies	 with	 a	 minimum	 of	 two.	 All	 GPS	 satellites	 do	
however	 broadcast	 on	 the	 same	 frequencies.	 In	 order	 to	 differentiate	 which	 satellite	
transmitted	what	 data	 the	 signals	 are	modulated	with	 a	 unique	pseudo-random	noise	
(PRN)	 that	has	 to	be	known	by	 the	receiver	beforehand	 in	order	 to	enable	data	usage	
from	the	specific	satellite.		

2.3	Globalnaya	Navigatsionnaya	Sputnikovaya	Sistema	
Globalnaya	Navigatsionnaya	Sputnikovaya	Sistema,	shortened	GLONASS,	 is	the	Russian	
owned	 constellation	 of	 positional	 satellites	 (GMV,	 2011c).	 Development	 began	 in	 the	
Soviet	Union	1976	and	full	coverage	was	achieved	in	December	1995	when	24	satellites	
had	 operational	 capabilities.	 Each	 satellite	 only	 had	 an	 operational	 lifespan	 of	 three	
years,	meaning	that	two	satellites	needed	to	be	launched	each	year	in	order	to	maintain	
full	coverage.	This	 in	conjunction	with	an	economic	crisis	 lead	to	a	drastic	decrease	 in	
interest	and	funding	for	the	GLONASS	program,	after	December	1995	no	new	satellites	
were	launched	until	December	1999.	Thus	the	global	coverage	of	24	satellites	was	lost	
between	the	years	of	1996	all	the	way	until	October	2011,	with	an	all-time	low	of	just	6	
actives	satellites	in	1999.	The	satellites	are	distributed	over	three	planes	with	orbits	of	
around	19	000	kilometres.	The	inclination	of	these	planes	is	slightly	higher	compared	to	
the	planes	of	GPS	satellites,	leading	to	GLONASS	having	slightly	better	coverage	at	higher	
latitudes.	 Like	GPS,	GLONASS	was	originally	 intended	 for	 the	military	but	has	become	
available	for	commercial	use	today	
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2.4	The	GNSS	position	principle	
Whether	the	satellites	use	the	same	frequency,	as	is	the	case	with	GPS	and	utilize	some	
sort	 of	modulation	 in	 order	 to	 distinguish	 different	 satellites,	 or	 each	 satellite	 has	 its	
own	frequency,	which	is	the	case	with	GLONASS,	the	main	principle	remains	the	same.	
The	satellites	constantly	broadcast	signals	on	to	earth	using	radio	waves.	These	signals	
are	 modulated,	 with	 a	 code,	 and	 modulated	 further	 into	 this	 code	 is	 a	 navigation	
message	known	as	the	ephemeris	and	an	almanac,	that	provides	coarse	orbit	information	
for	all	satellites	in	the	constellation.	The	almanac	was	of	greater	importance	in	the	past,	
when	receiver	hardware	was	not	as	advanced	as	 it	 is	 today.	However	by	knowing	 the	
coarse	orbit	of	the	satellites	in	each	constellation,	the	start-up	time	before	a	position	is	
acquired	 is	 shortened	 due	 to	 the	 receiver	 roughly	 knowing	 what	 satellites	 should	 be	
visible.	The	most	important	message	is	the	ephemeris;	it	contains	information	regarding	
the	position	of	the	satellite	 in	orbit,	 the	time	of	transmission	of	the	message	as	well	as	
several	 other	 parameters	 used	 for	 calculating	 corrections	 (Sanz	 Subirana,	 2011b).	 By	
calculating	the	difference	between	the	time	of	arrival	and	the	time	of	transmission,	thus	
an	estimation	of	the	travel	time	for	the	signal,	an	estimation	of	the	distance	between	the	
satellite	 and	 the	 receiver	 can	 be	 calculated.	 Due	 to	 the	 effects	 of	 several	 perturbing	
forces,	such	as	the	atmosphere	and	clock	errors,	this	range	is	not	the	true	range	between	
the	 receiver	 and	 the	 satellite.	 The	 initial	 range	 obtained	 is	 for	 this	 reason	 called	 a	
pseudorange.	 By	 receiving	 signals	 from	 at	 least	 four	 different	 satellites,	 the	 GNSS	
receiver’s	position	can	be	calculated	in	three	dimensions	(Sanz	Subirana,	2011a).	There	
are	 two	ways	of	obtaining	the	pseudorange	and	the	uncertainties	and	complexity	vary	
greatly	depending	on	what	method	is	used.	

2.4.1	Code	measuring	
The	 simpler	 of	 the	 two	 methods	 is	 called	 code	 measuring,	 and	 involves	 the	 receiver	
measuring	 on	 the	 modulated	 code	 (Sanz	 Subirana	 et	 al.,	 2011a).	 Receivers	 know	 the	
modulated	code	sent	out	by	the	satellites	beforehand	and	a	replica	of	it	exists	in	all	GNSS	
receivers.	This	replica	code	is	compared	to	the	observed	code	from	the	satellite	and	the	
receiver	tries	to	find	the	delay	between	the	two	in	order	to	calculate	the	travel	time	of	
the	signal.	This	procedure	has	a	short	initialisation	time	before	a	position	is	acquired	as	
the	 code	 is	 repeated	every	millisecond,	but	 in	 turn,	 the	uncertainties	 are	 at	 the	metre	
level.	

2.4.2	Carrier	phase	measuring	
Carrier	 phase	 measuring,	 often	 shortened	 to	 phase	 measuring,	 is	 the	 more	 advanced	
method	 of	 receiving	 signals	 from	 satellites	 and	 also	 the	 method	 that	 yields	 lowest	
uncertainties.	This	involves	measuring	on	the	actual	signal	carrying	the	code.	The	signal	
frequency	times	the	speed	of	light	gives	the	wavelength.	Using	the	same	methodology	as	
with	code	measuring,	the	receiver	has	a	replicate	of	the	phase	and	tries	to	match	it	to	the	
one	 being	 received.	 However,	 unlike	 the	 code,	 the	 phase	 is	 uniform	 and	 thus	 much	
harder	 to	 determine	 where	 the	 observed	 signal	 and	 the	 replica	 meet	 easily	 as	 there	
always	are	several	possibilities	to	what	part	of	the	signal	the	replica	represents.	There	
are	 a	 fixed	 number	 of	 full	 wavelengths	 between	 the	 satellite	 and	 the	 receiver	 and	 a	
remainder,	a	fractional	wavelength.		
	
The	receiver	starts	by	measuring	the	fractional	part	that	misaligns	the	replicated	signal	
from	the	observed	one	and	through	continuous	observations	against	the	same	satellite	
without	losing	the	signal,	the	number	of	full	wavelengths	and	with	that	the	phase	can	be	
determined.	This	process	 is	called	ambiguity	resolution	as	the	receiver	tries	to	resolve	
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the	 ambiguous	 number	 of	 full	 wavelengths.	 If	 the	 receiver	 manages	 to	 calculate	 the	
number	 of	 wavelengths,	 a	 fix	 solution	 is	 acquired;	 the	 other	 alternative	 where	 the	
number	 of	 wavelengths	 is	 not	 fully	 resolved	 is	 called	 a	 float	 solution.	 Further,	 the	
receiver	may	 think	 it	has	 the	 correct	amount	of	wavelengths	 resolved	although	 this	 is	
not	 the	 case,	 leading	 to	 a	 faulty	 fix.	 Achievable	 uncertainties	 when	 doing	 phase	
measurements	 are	 at	 the	 centimetre	 level	 or	 even	 at	 the	millimetre	 level	 under	 very	
ideal	conditions.	

2.5	Error	sources	
There	are	several	perturbing	forces	affecting	GNSS	signals,	which	in	general	are	grouped	
up	 into	 three	 categories.	 Clock	 and	 orbit	 related	 errors	 often	 referred	 to	 as	 satellite	
errors,	atmospheric	errors	and	local	effects.	The	uncertainty	related	to	the	signal	itself	is	
excluded	 from	 this.	 The	 atmospheric	 effects	 make	 up	 the	 largest	 part	 of	 the	 total	
uncertainty	budget	for	GNSS	measurements,	as	can	be	seen	below	in	Figure	2.	
	

	
Figure	2.	Error	budget	GNSS	(Jensen,	2015).	

2.5.1	Satellite	errors	sources	
Although	 satellites	 carry	 several	 very	 precise	 atomic	 clocks	 for	 redundancy	 and	 to	
ensure	 maximum	 precision,	 there	 may	 still	 be	 errors	 in	 the	 time	 stamp	 being	
transmitted	 via	 the	 ephemeris	 (EM,	 1996).	 In	 an	 attempt	 to	 mitigate	 this	 error,	 the	
satellites	 include	an	estimation	of	 the	accuracy	of	 the	time	stamp	being	transmitted	as	
well	as	a	correction	 for	 the	error	as	part	of	 the	ephemeris.	However	 these	corrections	
cannot	be	considered	completely	accurate	as	 they	are	based	on	observations	and	 thus	
may	be	skewed	in	some	way.	But	through	the	use	of	differential	GNSS,	see	section	2.6.2.1	
and	2.6.2.2,	 this	 factor	becomes	 irrelevant	 and	 clock	 related	 errors	 can	be	 eliminated.	
Due	to	e.g.	solar	activity,	the	orbit	estimation	provided	by	the	satellites	in	the	ephemeris	
may	be	 incorrect	 to	 a	 certain	degree	 and	 can	 lower	 the	 accuracy	of	 the	 final	 position.	
This	uncertainty	can	also	be	eliminated	through	the	use	of	differential	GNSS	(EM,	1996).	

2.5.2	Local	effects/Multipathing		
Multipathing	is	when	a	signal	bounces	of	a	surface	and	is	picked	up	by	the	receiver,	who	
believes	 the	bounced	signal	 is	 straight	 from	the	satellite	 (Sanz	Subirana	et	al.,	2011d).	
The	bounced	signal	has	a	longer	travel	path	and	therefore	gives	a	false	pseudorange	and	
inaccurate	 positional	 determination.	 Modern	 receivers	 can	 handle	 signals	 coming	 in	
from	 faulty	angels	quite	well	 (Odolinski,	 2010a).	Another	alternative	 is	 to	 connect	 the	
receiver	 to	 a	 so-called	 choke-ring	 antenna	 (see	 Figure	 3).	 This	 type	 of	 antenna	 is	
equipped	with	a	physical	barrier	surrounding	the	antenna,	making	it	almost	impossible	
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for	bounced	 signals	 to	 reach	 the	 antenna	 (Kunysz,	 2003).	 It	 is	 also	possible	 to	 reduce	
multipathing	by	good	pre-planning	and	site	selection	for	the	measurements	

	
Figure	3.	Sample	choke-ring	antenna	(Kühn,	2003).	

2.5.3	Atmospheric	effects	
The	 atmosphere	 is	 divided	 into	 two	 parts	 affecting	 GNSS	 signals,	 the	 troposphere,	
ranging	 from	0-50	kilometres	 from	the	surface	of	 the	earth	and	the	 ionosphere,	which	
ranges	from	around	50-1500	kilometres	(Sanz	Subirana	et	al.,	2011c).	The	UV-radiation	
from	 the	 sun	 ionizes	 the	 particles	 in	 the	 ionosphere	 and	 this	 creates	 free	 electrons.	
These	 electrons	 affect	 the	 satellite	 radio	 signals	 trying	 to	 pass	 through	 and	 if	 left	
uncorrected,	 make	 the	 ionosphere	 the	 single	 largest	 error	 source	 in	 GNSS	
measurements.	The	total	number	of	free	electrons,	Total	Electron	Count,	(TEC)	and	thus	
the	magnitude	of	the	ionosphere’s	effects,	has	both	daily	and	seasonal	variations	based	
on	the	solar	activity.	The	ionosphere	is	a	so-called	dispersive	medium,	meaning	that	the	
effect	it	has	on	signals	is	directly	related	to	the	frequency	of	the	signal.		
	
Due	 to	 the	 fact	 that	 GNSS	 satellites	 transmit	 on	 at	 least	 two	 different	 frequencies,	 a	
combination	 of	 the	 different	 frequencies	 can	 be	 created,	 reducing	 the	 effect	 of	 the	
ionosphere	to	an	almost	negligible	level	(EM,	1996).	There	is	an	alternative	approach	to	
creating	these	combinations	and	that	is	to	model	the	ionosphere	or	rather	the	TEC.	
	
The	 troposphere	 can	be	 split	 into	 two	parts,	 a	dry	and	a	wet	 component	with	 the	dry	
part	 accounting	 for	 about	90-95	per	 cent	 of	 the	 total	 tropospheric	 effects	 (EM,	1996).	
Unlike	 the	 ionosphere	 that	 affects	 signals	 based	 on	 their	 frequency,	 the	 troposphere	
affects	 all	 radio	 signals	 equally.	 The	 errors	 therefore	 cannot	 be	 reduced	 through	
combinations	and	modelling	has	to	be	used	to	reduce	the	effects.	For	the	dry	component	
there	exist	many	good	models.	It	is	however	harder	to	model	the	wet	component	since	it	
mainly	consists	of	effects	 from	clouds	and	weather	and	therefore	changes	very	rapidly	
and	varies	greatly	over	time.		
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It	 is	 also	 possible	 to	 keep	 the	 atmospheric	 effects	within	 reasonable	 limits	without	 a	
model.	Prediction	maps	for	both	the	TEC,	which	have	been	taken	forth	through	empirical	
data,	and	regular	weather	forecasts,	can	be	combined	to	reduce	the	overall	atmospheric	
effects	on	GNSS	signals.		

2.6	Measuring	methods	
When	conducting	GNSS	measurements	 there	are	 two	 types	of	concepts	 for	measuring:	
absolute	and	relative.	Relative	measuring	in	some	form	is	used	in	almost	all	cases	when	
low	uncertainties	are	needed,	it	is	also	the	more	advanced	method.	

2.6.1	Absolute	measurements	
Absolute	 measurements	 indicate	 the	 use	 of	 a	 single	 receiver	 with	 a	 position	 directly	
derived	from	satellites,	shown	in	Figure	4	(EM,	1996).	This	can	be	done	by	either	doing	
code	 or	 phase	measurements,	 with	 the	 latter	 alternative	 offering	 lower	 uncertainties.	
Optimal	 results	 when	 doing	 absolute	 measurements	 range	 from	 about	 ten	 to	 three	
meters	when	only	code	measurements,	to	between	a	meter	to	about	thirty	centimetres	
when	combining	with	phase	measurements.	
	

	
Figure	4.	Absolute	measuring	illustrated	(Lantmäteriet,	2015e).	
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2.6.2	Relative	measurements	
A	relative	measurement	indicates	that	the	position	of	the	receiver	is	calculated	relative	
to	some	other	object	and	not	only	from	satellites,	as	is	the	case	with	absolute	measuring	
(Lantmäteriet,	 2015a).	 This	 method	 yields	 lower	 uncertainties	 compared	 to	 absolute	
measurements,	from	a	meter	to	as	low	as	a	couple	of	centimetres.	But	as	stated	earlier	in	
order	to	perform	relative	calculations,	it	requires	simultaneous	measurements	of	at	least	
two	 receivers	 receiving	 coordinates	 from	 the	 same	 satellites	 (see	 Figure	 5	 for	 an	
explanatory	 illustration).	 There	 are	 several	 methods	 for	 conducting	 relative	
measurements,	 with	 differential	 GNSS	 often	 being	 referred	 to	 as	 the	 origin	 of	 the	
methodology.	 This	 method	 has	 been	 rendered	 more	 or	 less	 obsolete	 with	 the	
introduction	of	measuring	using	so	called	real	time	kinematics	methodology.	
	

	
Figure	5.	Relative	measuring	illustrated	(Lantmäteriet,	2015f).	

2.6.2.1	Single	station	real	time	kinematics	
Real	Time	Kinematics,	often	shortened	RTK,	involves	the	use	of	two	receivers	measuring	
on	 the	 carrier	 phase,	 one	 of	 them	 placed	 stationary	 over	 a	 known	 coordinate,	 the	
reference	(GMV,	2011e;	Lantmäteriet,	2015c).	The	other,	referred	to	as	the	rover,	is	kept	
mobile	and	conducts	measurements	where	wanted.	As	 the	 reference	 receiver	 receives	
coordinates	through	satellite	observations,	they	are	compared	against	the	coordinates	of	
the	known	point	and	a	difference	is	calculated.	The	difference	is	then	transmitted	to	the	
rover	via	some	communication	medium,	e.g.	a	radio	transmitter	on	the	reference	and	a	
radio	 receiver	 in	 the	 rover;	 a	 baseline	 is	 created	 between	 the	 two.	 The	 coordinates	
received	to	the	rover	are	then	corrected	by	the	difference	received	from	the	reference.	
One	condition	is	that	the	distance	between	the	reference	and	the	rover	is	kept	relatively	
short,	 between	 10	 to	 20	 kilometres,	 in	 order	 for	 them	 to	 be	 affected	 by	 the	 same	
atmospheric	 disturbances.	 This	 method	 is	 very	 commonly	 used,	 with	 expected	
uncertainties	of	a	few	centimetres.	
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2.7	Network	RTK	
The	 coordinate	 uncertainties	 when	 using	 single	 station	 appliances	 are	 low.	 But	 they	
require	two	receivers,	something	that	is	costly	to	obtain	and	maintain,	time	consuming	
due	to	the	need	to	move	and	re-establish	the	reference	receiver	if	the	distance	between	
reference	and	rover	becomes	too	great	and	brings	with	it	an	increased	chance	of	human	
error	 as	 a	 result	 of	 the	 need	 for	 establishment	 and	 re-establishment	 of	 the	 reference	
receiver.	With	this	in	mind	the	concept	of	network-based	corrections	was	created	with	
the	intention	of	maintaining	the	uncertainties	of	single-station	appliances	to	an	as	high	
degree	as	possible,	but	without	the	related	drawbacks	and	increase	the	distance	possible	
between	rover	and	reference.	

2.7.1	Principle	
Network-RTK	involves	the	use	of	a	network	of	reference	stations	at	a	set	distance	from	
each	other	 (Wanninger,	2008).	These	 reference	stations,	known	as	CORSs,	 (Constantly	
Operating	Reference	Stations)	have	known	coordinates	that	have	been	established	over	
time	and	continuously	obtain	coordinates	 to	calculate	 the	difference	between	received	
coordinates	and	true	coordinates;	and	with	 this,	 the	correction	 for	 the	received	signal.	
Using	these	corrections	as	a	base,	a	surface	is	interpolated	forth	covering	the	entirety	of	
the	area	covered	by	the	network.	Although	simple	in	theory,	in	reality	it	is	not	a	trivial	
task.	The	CORSs	all	need	to	obtain	a	fixed	ambiguity	solution,	although	an	initial	study	by	
Jensen	and	Cannon	(2000)	showed	that	when	required	uncertainties	are	in	the	region	of	
10	 cm,	 CORSs	 with	 float	 solutions	 are	 viable	 as	 well.	 When	 this	 has	 been	 achieved,	
needed	 parameters	 for	 correction	 calculations	 are	 estimated	 and	 transmitted	 to	 a	
central	 server.	 These	 parameters	 are	 then	 modelled	 and	 transmitted	 using	 different	
principles,	 the	 most	 common	 being	 the	 Master	 Auxiliary	 Concept	 (MAC)	 and	 Virtual	
Reference	Station	(VRS).	

2.7.2	Virtual	Reference	Station	
The	most	common	method	of	calculating	and	transmitting	corrections	 is	called	Virtual	
Reference	Station	or	VRS	(Vollath	et	al.,	2000).	The	concept	can	be	seen	as	an	extension	
to	 that	 of	 single	 station	 RTK	 appliances	 in	 that	 the	 receiver	 uses	 the	 same	 data	
processing	 algorithms.	 The	 difference	 lies	 in	 that	 the	 receiver	 connects,	 as	 the	 name	
implies,	to	a	virtual	reference	station	rather	than	a	physical	one.	As	parameters	for	the	
network	have	been	estimated,	the	receiver	sends	its	approximate	position	to	the	server.	
Data	is	then,	by	the	server,	selected	from	a	reference	station,	commonly	the	closest	one	
to	 the	 approximate	 position	 of	 the	 receiver,	 and	 geometrically	 displaced	 to	 create	 a	
virtual	reference	station	at	a	position	close	to	the	approximate	one	of	the	receiver.	The	
corrections	 are	 then	 interpolated	 to	 the	 location	 of	 this	 displaced,	 virtual,	 reference	
station	after	which	the	receiver	connects	to	it.	This	yields	a	very	short	baseline	for	the	
receiver	making	the	calculation	of	receiver	coordinates	simple	on	the	receiver’s	side	and	
the	more	difficult	operations	are	performed	on	the	server	side.	But	as	the	concept	relies	
on	 the	 receiver	 transmitting	 its	 coordinates	 to	 the	 server,	 two-way	 communication	 is	
required.	

2.7.3	Master	Auxiliary	Concept	
Developed	 by	 Euler	 et	 al.	 (2001),	 the	 Master	 Auxiliary	 Concept,	 shortened	MAC,	 was	
created	to	standardise	the	network	information	and	processing	models,	thus	increasing	
interoperability,	 when	 using	 network-RTK	 (Euler	 et	 al.,	 2001).	 This	 principle	 can	 be	
either	two-way	or	one-way	communication.	One	CORS	is	selected	as	master	station	and	
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either	 all	 other	 CORS	 in	 the	 network	 or	 a	 suitable	 subset	 as	 auxiliary	 stations.	When	
utilizing	 two-way	 communication	 this	 process	 happens	 automatically	 through	 the	
receiver	transmitting	its	approximate	position,	otherwise	the	user	manually	sets	which	
station	will	serve	as	master.	The	full	raw	observations	and	coordinate	information	from	
the	master	station	and	coordinate	difference	from	the	auxiliary	stations	are	broadcast	to	
the	receiver	to	utilize	and	apply	an	algorithm	onto	in	order	to	calculate	its	position.	This	
leaves	 the	 receiver	 with	 all	 information	 available,	 but	 the	 downside	 is	 that	 the	
computational	burden	on	the	receiver	is	slightly	higher	compared	to	that	when	using	the	
VRS	technique	

2.7.4	Project-based	network-RTK	
Project-based	network-RTK	is	a	concept/technique	that	involves	establishing	additional	
CORSs	 around	 a	 project	 in	 order	 to	 within	 the	 project	 area	 be	 able	 to:	 decrease	 the	
uncertainties	 and	 increase	 the	 reliability	 of	 the	 measurements	 as	 well	 as	 minimize	
friction	 between	 contractors	 by	 providing	 a	 common	 base	 for	 measurements	
(Trafikverket,	2012).		
	
It	was	 introduced	 as	 a	 collaboration	 between	 the	 Swedish	 Road	 Administration	 (now	
STA)	and	SWEPOS	in	2004	with	the	project	“Bana	Väg	i	Väst”	serving	as	the	pilot	project.	
The	project	was	deemed	a	success	and	 the	STA	has	since	 then	used	 this	 technique	 for	
large	 or	 complex	 infrastructure	 projects.	 A	 further	 result	 of	 this	 pilot	 project	was	 the	
establishment	of	a	 framwork	agreement	between	STA	and	SWEPOS	regarding	project-
based	network-RTK	solutions.	
	
To	 this	 date	 there	 have	 been	 four	 project-based	 network-RTK	 densifications	 at	 sites	
around	Sweden:	in	Gothenburg,	Sundsvall	and	Kiruna	as	well	as	between	Stockholm	and	
Linköping	where	a	new	high-speed	train	connection	is	planned.	

2.8	SWEPOS	
SWEPOS	 is	 a	 subsidiary	 of	 the	 Swedish	 Mapping,	 Cadastral	 and	 Land	 Registration	
Authority,	Lantmäteriet,	an	agency	under	the	Ministry	of	Enterprise	and	Innovation,	 in	
charge	of	the	division	of	real	property,	maintaining	a	national	geodetic	reference	system	
as	well	as	being	a	provider	of	geographic	information	such	as	maps	etc.	(SWEPOS,	2009).	
SWEPOS	has	three	main	tasks:		

• Realize	and	monitor	the	national	frame	of	Sweden,	SWEREF	99	(further	reading	
in	Jivall,	Lidberg	(2000))	

• Provide	data	from	GNSS-satellites	to	enable	positional	determination,	navigation	
and	for	scientific	purposes	

• Monitor	the	integrity	of	the	GNSS-system	
	
In	order	to	accomplish	these	three	tasks	SWEPOS	can	for	explanatory	purposes	be	
divided	into	two	parts.	SWEPOS	the	CORS	network	owner	and	maintainer	as	well	as	
SWEPOS	the	network-RTK	service	provider,	see	sections	2.9.1	and	sections	2.10.1	
respectively.	
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2.8.1	CORS	network	owner	
SWEPOS	establishes	and	takes	care	of	the	government	owned	CORS	around	the	country	
(SWEPOS,	2015c).	At	the	moment	the	network	encompasses	around	300	CORSs	with	a	
distribution	 show	 in	Figure	6,	 classified	 into	 two	 categories,	A	 and	B.	 Class	A	 stations	
make	up	 the	 fundamentals	 of	 the	network	 and	 also	 serve	 as	 the	base	 for	 the	national	
reference	frame	of	Sweden,	SWEREF	99.	

	
Figure	6.	Excerpt	from	the	SWEPOS	webpage	showcasing	the	current	coverage	of	the	SWEPOS	CORS-network	
(SWEPOS,	2015g).	

Currently	 there	 are	 21	 class	 A	 stations	 in	 place,	 each	 one	 having	 a	 choke	 ring	 GNSS	
antenna	mounted	 to	 a	 concrete	 pillar	 secured	 directly	 to	 the	 bedrock	 below	with	 the	
equipment	 being	 situated	 in	 a	 small,	 separate,	 house	 (SWEPOS,	 2015a).	 The	
surroundings	 are	 cleared	 of	 trees	 and	 debris	 in	 order	 to	minimize	 local	 effects	 in	 the	
area.	 Class	 B	 stations	 are	 in	 general	 installed	 directly	 onto	 the	 rooftops	 of	 existing	
buildings,	 mainly	 government	 owned	 to	 ease	 with	 permits	 and	 with	 a	 choke	 ring	
antenna	to	avoid	multipathing.	
	
SWEPOS	does	not	have	exclusive	rights	to	establish	CORSs	in	Sweden	(Wiklund,	2015).	
All	 service	 providers,	 explained	 in	 2.10,	 offer	 similar	 services	 and	 have	 to	 varying	
extents	established	stations	of	 their	own	 in	 the	past.	With	 the	SWEPOS	CORS-network	
serving	as	the	backbone	of	all	geodetic	infrastructures	in	Sweden,	service	providers	use	
this	 CORS-network	 and	 complement	 it	with	 their	 own	 stations.	 This	 is	 done	with	 the	
premise	 that	 to	be	allowed	continued	use	of	SWEPOS-owned	CORSs,	service	providers	
establishing	 their	own	stations	allow	 them	 to	be	available	 to	 customers	of	 the	 service	
provider	 SWEPOS.	 They	 do	 not	 need	 to	 make	 the	 stations	 available	 to	 other	 private	
service	providers.	
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Five	dedicated	monitor	stations	are	placed	at	locations	with	known	coordinates	and	act	
as	 regular	 users	 monitor	 the	 network.	 This	 means	 that	 they	 connect	 to	 the	 SWEPOS	
service	and	receive	corrections	(SWEPOS,	2015b).	The	stations	measure	how	much	time	
it	 takes	 in	order	to	reach	a	fixed	ambiguity	solution,	the	number	of	satellites	visible	as	
well	 as	 the	 accuracy	 of	 the	 corrections	 received	 in	 both	 plane	 and	 height.	 They	 are	
restarted	 and	 the	 procedure	 is	 repeated	 every	 minute.	 The	 results	 of	 each	 monitor	
station	 are	 available	 online	 through	 a	 dedicated	 live	 feed	 website	 for	 each	 monitor	
station	with	sample	output	shown	in	Figure	7	(SWEPOS,	2015e).	

	
Figure	7.	 Sample	 output	 from	a	 SWEPOS	monitor	 station.	 The	planar	position	 is	 shown	on	 the	 left	with	 its	
related	accuracy	given	in	the	info	boxes	below	the	image.	The	height	position	is	shown	as	a	time	series	on	the	
right	with	its	related	accuracy	given	in	the	info	box	below	the	image	(SWEPOS,	2015h).	

In	order	to	ease	the	use	of	network-RTK,	SWEPOS	has	an	ionosphere	monitor	on	their	
website	 (SWEPOS,	 2015d).	 This	 monitor	 gives	 an	 indication	 of	 the	 activity	 of	 the	
ionosphere	 in	 retrospect	 and	 can	 be	 used	 when	 processing	 measurements	 to	 get	 an	
indication	 of	 the	 quality	 of	 the	measurements.	 It	 spans	 and	 divides	 Sweden	 into	 four	
parts	and	groups	the	activity	levels	into	three	levels:	low	to	no	activity,	medium	and	high	
with	high	 indicating	 that	 the	measurements	exhibit	a	 low	reliability	and	that	 it	 is	very	
hard	to	get	an	ambiguity	fix	for	phase	measurements	(see	Figure	8	for	a	sample	excerpt	
from	the	ionosphere	monitors).	

	
Figure	8.	Sample	output	from	SWEPOS	online	ionosphere	monitor	(SWEPOS,	2015f).	

2.9	Network-RTK	service	providers	in	Sweden	
One	of	the	tasks	given	to	SWEPOS	is	to	provide	a	means	to	use	the	CORS	network	(see	
bullet	2	in	section	2.9),	thus	leading	to	the	creation	of	the	network-RTK	service	provider	
SWEPOS	(Wiklund,	2015).	There	are	in	total	four	different	service	providers	in	Sweden	
including	 SWEPOS,	 with	 the	 other	 three	 stemming	 from	 three	 of	 the	 larger	
manufacturers	of	GNSS	equipment	in	the	world.	
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2.9.1	SWEPOS	
It	is	currently	the	largest	in	terms	of	active	users	and	consists	of	a	main	server	complex	
in	 Gävle	 with	 a	 disaster	 recovery	 solution	 established	 in	 Kiruna	 (Wiklund,	 2015).	
SWEPOS	 is	 based	 on	 the	 Trimble	 Pivot	 Platform,	 for	 correction	 calculation	 and	
transmission.	 SWEPOS	 transmits	and	calculates	 its	 coordinate	 corrections	 through	 the	
VRS	principle.	There	exist	capabilities	to	utilize	the	MAC	principle	with	the	performance	
having	 been	 tested	 by	 Johansson	 and	 Persson	 (2008)	 with	 no	 significant	 differences	
show	between	the	two	for	the	SWEPOS	service.	At	the	time	of	writing	it	is	not	available	
to	the	public	(Wiklund,	2015).	

2.9.2	TopNET	Live	
TopNET	 Live	 is	 the	 name	 of	 Topcon’s	 network-RTK	 service;	 with	 the	 main	 servers	
situated	in	the	Czech	Republic	(Corell,	2015).	In	Sweden	the	service	is	administrated	and	
support	 is	 provided	 by	 Norsecraft	 Geo	 AB,	 who	 also	 serves	 as	 the	 retailer	 of	 Topcon	
equipment	in	Sweden.	Corrections	are	available	via	the	VRS	principle.	

2.9.3	SmartNet	
SmartNet	is	the	network-RTK	service	of	Leica	Geosystems.	In	Sweden	it	is	administrated	
by	Leica	Geosystems	AB	 that	also	sell	 and	service	Leica	equipment	 (Johansson,	2015).	
The	 main	 servers	 are	 located	 in	 the	 United	 Kingdom.	 SmartNet	 currently	 offer	
corrections	via	the	following	principle:	MAX	(MAC),	i-MAX	(individual-MAC)	and	VRS.	i-
MAX	is	a	version	of	the	MAX/MAC	format	that	is	designed	to	work	with	older	receivers	
that	are	unable	to	utilize	the	regular	MAC	principle.	

2.9.4	VRS	Now	
Trimble	Navigation	Ltd	also	offers	a	network-RTK	service,	VRS	Now,	with	the	European	
servers	located	in	Germany	(Brodén,	2015).	Trimtec	AB	in	Sweden,	a	company	that	also	
handles	 the	 sales	and	services	of	Trimble	equipment,	 administrates	 it	 for	 the	Swedish	
customers.	 It	 is	 possible	 to	 receive	 coordinate	 corrections	 through	 the	 VRS	 principle,	
with	 two	choices	 for	 the	 compression/transmission,	RTCM	or	CMR.	The	 latter	being	a	
Trimble	developed	format.	
	
Below	 in	 table	 1	 is	 a	 summary	 of	 the	 different	 services	 available	 in	 Sweden	 with	
associated	information.	
Table	1.	Summarizing	information	over	network-RTK	services	currently	available	in	Sweden.	

	 SmartNet	 TopNET	Live	 VRS	Now	 SWEPOS	

Owner	 Leica	
Geosystems	

Topcon	
Positioning	

Trimble	
Navigation	

SWEPOS	

Server	locations	 United	
Kingdom	

Czech	
Republic	

Germany	 Sweden	

Administrated	by	 Leica	
Geosystems	AB	

Norsecraft	
Geo	AB	

Trimtec	AB	 SWEPOS	

Available	correction	
principles	

MAX	(MAC),	i-
MAX,	VRS	

VRS	 VRS	(RTCM),	
VRS	(CMR)	

VRS,	
(MAC)	
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3	Earlier	works	
The	field	of	network-RTK	has	been	studied	extensively	all	around	the	world	and	service	
provider	comparisons	have	been	performed,	but	not	in	Sweden.		
	
CLOSE-RTK	 (Emardson	 et	 al.	 2009)	was	 a	 joint	work	between	Chalmers	University	 of	
Technology	and	SP	Technical	Research	Institute	of	Sweden	ordered	by	Lantmäteriet.	It	
was	 meant	 to	 simulate	 the	 effects	 different	 actions	 would	 have	 on	 measurement	
uncertainties	when	using	network-RTK	back	when	SWEPOS	CORS-network	was	mainly	
a	sparse	CORS-network	with	70	kilometres	between	the	CORS.	Simulated	actions	were:	
the	inclusion	of	future	GNSS	constellations	such	as	Galileo	and	different	densifications	to	
the	 SWEPOS	 CORS-network.	 Results	 indicate	 that	 the	 inclusion	 of	 more	 GNSS	
constellations	 offer	 similar	 decreases	 in	 measurement	 uncertainties	 as	 a	 regional	
densification	to	35	kilometres	of	the	SWEPOS	CORS-network	would.	Predicted	effects	of	
even	further	densifications,	down	to	10	kilometres	would	yield	uncertainties	of	11	mm	
in	height	 and	8	mm.	All	 these	predicted	uncertainties	 are	 assumed	 to	be	 at	 the	 sigma	
level,	as	it	is	not	noted	otherwise.		
	
Odolinski	(2010b)	measured	the	uncertainties	when	using	SWEPOS	at	different	levels	of	
CORS	 network	 densification	 and	 compare	 these	 to	 the	 predicted	 results	 from	 CLOSE-
RTK.	This	was	done	through	the	use	of	data	 from	the	monitor	stations	 in	 the	SWEPOS	
CORS-network	and	the	results	verify	the	uncertainties.		
	
Edwards	 et	 al	 (2010)	 did	 a	 comparison	 between	 SmartNet	 (Leica)	 and	 VRS	 Now	
(Trimble)	in	both	ideal	and	less	ideal	situations.	Static	measurements	were	conducted	at	
six	different	sites	throughout	England	and	Wales.	Uncertainties	from	these	sites	indicate	
similar	performance	from	both	service	providers	with	10-20	mm	in	plane	and	15-30	mm	
in	height.	In	less	ideal	situations	outside	the	CORS	net,	uncertainties	were	increased	by	
about	5-15	mm	both	in	plane	and	height.	
	
Martin	 and	McGovern	 (2012)	 compared	 the	 service	 providers	 active	 in	 Ireland,	 Leica,	
Topcon	and	Trimble,	at	different	locations	around	Dublin	City.	Ireland	has	a	government	
maintained	 CORS	 network	 that	 Leica	 and	 Topcon	 utilize	 as	 their	 base	 for	 correction	
calculation,	 but	 Trimble	 established	 their	 own	 CORS	 network	 in	 2008	 and	 transmits	
corrections	 based	 on	 observation	 from	 these	 CORSs.	 They	 conclude	 that	 the	 three	
service	providers	show	comparable	uncertainties	but	experienced	initialization	issues	in	
their	initial	data	collection	when	using	Leica	and	Topcon,	although	a	reason	for	this	was	
not	given.	During	additional	data	collection	they	could	not	reproduce	any	of	the	errors	
thus	concluding	that	the	initial	errors	were	only	temporary.	
	
Saeidi	 (2012)	 did	 a	 comparison	 of	 the	 three	 service	 providers	 available	 in	 Southern	
Ontario,	 Canada	 at	 the	 time.	 Although	 the	 author	 does	 not	 specify	 which	 service	
providers	are	included	in	the	comparison.	The	study	was	divided	into	two	parts;	a	static	
and	kinematic	part	with	some	of	the	performance	metrics	being:	uncertainty,	accuracy	
and	 time-to-first-fix.	Results	 regarding	uncertainties	 indicate	 that	all	 service	providers	
give	similar	results	with	uncertainties	of	about	25	mm,	both	vertically	and	horizontally	
(95%).	Accuracies	indicate	that	in	some	cases	there	exist	systematic	deviations	of	up	to	
40	mm	however	it	is	not	stated	if	this	number	differed	between	the	service	providers.	
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4	Methodology	
The	methodology	for	the	thesis	work	consists	of	two	parts:	a	quantitative	technical	part	
described	 in	 4.2	 and	 a	 qualitative	 part	 based	 on	 interviews	 and	 subjective	 usage	
opinions	 described	 in	 4.3.	 Both	 will	 be	 based	 on	 the	 project-based	 network-RTK	
requirements	 of	 the	 STA.,	 The	 requirements	 have	 been	 derived	 from	 the	 existing	
framework	agreement	between	the	STA	and	Lantmäteriet/SWEPOS	(see	9.1.3).	

4.1	Swedish	Transport	Administration	network-RTK	requirements	
The	requirements	of	the	STA	regarding	project-based	network-RTK	can	be	summarized	
and	grouped	into	three	main	points	and	split	 into	a	quantitative	and	a	qualitative	part.	
These	 points	 have	 been	 reviewed	 and	 revised	 by	 a	 representative	 from	 the	 STA	
(Isaksson,	2015).	
Quantitative:	

• Uncertainty	and	reliability	assurance	
o “Expected	uncertainties	of	7	mm	 in	plane	and	12	mm	 in	height,	given	at	

the	sigma	(68.3%)	level.”		
Qualitative:	

• Accessibility	
o “The	 project-based	 coordinate	 calculation	 service	 is	 provided	 via	 web-

interface.”		
o “The	STA	has	the	right	to	supply	all	working	in	the	project	with	access	to	

the	network-RTK	service	as	well	as	the	coordinate	calculation	service.”	
• Support	

o “Instantaneous	manned	 technical	 support	 between	 the	 hours	 of	 06.30	 –	
20.00,	 with	 additional	 on-call	 support	 24/7	 within	 one	 hour	 of	 error	
detection.”		

4.2	Quantitative	comparison	
The	 qualitative	 study	 is	 split	 into	 two	 parts,	 one	 regarding	 the	 measurement	
uncertainties	 in	 the	 different	 service	 providers	 and	 an	 accuracy	 study	 to	 determine	 if	
there	exist	any	systematic	errors	in	the	service	providers.	

4.2.1	Equipment	used	and	experimental	setup	
The	equipment	used	for	this	thesis	consists	of	five	GNSS	receivers	from	three	different	
manufacturers,	 Leica	 GS14	 and	GS15,	 Topcon	Hiper	 SR	 and	Trimble	R10	 and	R4.	 The	
Leica	 receivers	were	 borrowed	 from	 Leica	 Geosystems	 AB,	 the	 Topcon	 receiver	 from	
Norsecraft	 Geo	 AB,	 the	 Trimble	 R10	 from	 Trimtec	 AB	 and	 the	 Trimble	 R4	 from	 the	
Division	of	Geodesy	and	Satellite	Positioning	at	the	Royal	Institute	of	Technology.	Before	
any	measurements	were	conducted	all	receivers	were,	if	possible,	updated	to	the	latest	
possible	 firmware	 as	 well	 as	 given	 a	 clean	 sleet	 of	 settings	 that	 were	 to	 the	 extent	
possible	equal	 for	all	 receivers.	Also	 five	 identical	SIM-cards	were	purchased	 from	the	
same	carrier	to	ensure	that	all	receivers	were	given	the	same	potential	coverage	of	3G	
mobile	internet	at	all	times.	To	ease	with	setup	at	the	measurement	sites,	a	bracket	was	
constructed	 and	 mounted	 to	 two	 tripods,	 enabling	 all	 five	 receivers	 to	 be	 mounted	
simultaneously	with	an	offset	of	30	cm	between	each	other;	the	configuration	is	shown	
in	Figure	9.	This	reduced	the	number	of	levelling	and	centring	operations	to	just	two	per	
measurement	 site.	 Also	 noted	 is	 that	 all	 receivers	 were	 kept	 at	 the	 same	 internal	
position	on	the	mounting	bracket	throughout	all	the	measurements.	
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Figure	9.	Constructed	receiver	mounting	bracket.	

The	 receivers	 will	 be	 anonymized	 in	 this	 thesis,	 as	 the	 main	 focus	 is	 on	 the	 service	
providers	and	not	on	the	performance	of	 the	receivers	themselves.	They	will	hence	be	
referred	 to	 as	 receiver	A,	 B,	 C,	 D	 and	E,	with	 the	 same	 letter	 always	 representing	 the	
same	receiver	throughout	the	thesis.	

4.2.2	Site	selection	and	data	collection	
The	data	collection	for	the	main	part	of	this	thesis,	the	uncertainty	study,	was	done	over	
the	course	of	four	days	and	two	nights	between	the	12th	to	the	15th	of	May	at	the	roof	of	
the	offices	for	WSP	in	central	Gothenburg,	Sweden.	Additionally,	in	order	to	perform	the	
systematic	errors	study,	additional	days	of	measurements	was	conducted	at	another	site	
in	Gothenburg	on	 the	16th	of	May	and	 in	Gysinge	on	 the	25th	of	May.	These	sites	were	
included	to	eliminate	any	site-specific	effects	that	might	be	present	at	the	WSP-rooftop.	
For	the	secondary	sites,	the	number	of	receivers	was	reduced	to	four	due	to	the	need	of	
a	power	outlet	 in	the	very	near	vicinity	of	receiver	D,	something	that	was	not	possible	
other	than	at	the	main	site.		
	
Common	for	all	sites	was	the	use	of	a	1	Hz	recording	rate	as	well	as	an	elevation	mask	of	
13	degrees	after	consulting	(Odolinski,	2010a).	No	PDOP,	positional	dilution	of	precision	
(see	Sanz	Subirana	et	al.,	2011e)	limit	was	set	in	order	to	not	exclude	any	measurements	
in	 the	 data	 collection	 stage.	 Filtering	 would	 if	 needed	 be	 done	 manually	 during	 data	
processing.	At	the	different	sites	the	receivers	were	given	a	schedule	that	dictated	what	
receiver	would	be	connected	to	which	service	provider	during	the	different	time-slots.	
This	was	made	in	an	attempt	to	ensure	that	each	service	provider	would	be	represented	
and	have	cycled	through	all	the	available	time-slots.	
	
At	 the	 main	 site,	 the	 measurement	 series	 length	 was	 set	 to	 four	 hours	 during	 the	
daytime	and	the	entirety	of	the	receivers’	batteries	for	the	nighttime.	This	was	done	in	
accordance	 with	 recommendations	 from	 Lantmäteriet	 as	 this	 length	 suggests	 the	
measurements	have	enabling	the	calculation	of	reference	coordinates	of	“good”	quality	
at	a	 later	stage	(Eriksson,	2010).	Although	only	the	 initial	measurement	series	need	of	
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this	 length	to	determine	the	reference	coordinates,	 it	was	kept	the	same	in	case	of	e.g.	
data	corruption,	movement	of	the	tripods	and	to	ensure	that	all	series	were	about	five	to	
six	 times	 longer	 than	 the	 a-priori	 estimation	 of	 the	 correlation	 at	 20-35	 minutes	
(Odolinski,	2010b).	
	
For	the	secondary	site	in	Gothenburg,	the	initial	series	length	was	kept	the	same	as	the	
initial	series	at	the	main	site.	The	subsequent	series	were	given	lengths	of	around	one	to	
one	and	a	half	hours.	This	was	due	to	time	constraints	and	the	fact	that	the	amount	of	
data	 needed	 from	 the	 secondary	 sites	 is	 not	 as	 high	 due	 to	 them	 only	 acting	 as	 a	
compliment	to	the	main	site.	
	
The	 site	 in	 Gysinge	was	 given	 an	 increase	 in	 initial	measurement	 series	 length	 to	 six	
hours	in	order	to	maintain	the	relationship	between	initial	series	length	and	correlation.	
This	 because	 the	 estimated	 correlation	 for	measurements	 in	 the	 regular	 SWEPOS	 net	
with	35km	between	 the	CORS	 is	 25-35	minutes	 in	plane	 and	40-65	minutes	 in	height	
(Odolinski,	2010b).		
	
Due	to	the	lack	of	landline	connections	to	the	secondary	site	on	Ornö,	hours	available	for	
measurements	were	limited	by	the	operating	hours	of	ferry	connections	and	set	to	one	
hour	 each	 to	 be	 able	 to	 cycle	 through	 all	 the	 service	 providers	 on	 all	 receivers.	 This	
however	meant	there	was	no	possibility	to	calculate	reference	coordinates.	

4.2.2.1	Main	site	-	central	Gothenburg	
Distance	to	nearest	CORS,	2.7	km.	The	main	site	was	chosen,	as	it	is	located	almost	dead	
centre	in	one	of	the	triangles	making	up	the	CORS	network	of	central	Gothenburg	(map	
in	Figure	10),	a	densification	of	about	5	kilometres	between	the	reference	stations.		

	
Figure	10.	Main	site	location	in	Gothenburg,	the	stars	denote	the	closest	three	CORS.	

It	was	also	 located	at	 the	 rooftop	of	 the	WSP-office,	 the	 risk	of	 theft	was	minimal	and	
overnight	measurements	were	 possible.	 The	 tripods	with	 the	 bracket	was	 set	 up	 at	 a	
remote	corner	of	the	rooftop	terrace	to	minimize	the	risk	of	human	interference	(Figure	
11	 for	 setup),	 either	 to	 the	 receivers	 or	 to	 any	 part	 of	 the	 mounting	 apparatus	 and	
measures	were	taken	to	reduce	the	effects	of	the	weather	(see	Figure	12).	Strong	winds	
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frequent	the	Gothenburg	area	due	to	the	near	vicinity	of	the	sea	and	could	compromise	
the	repeatability	of	the	measurements.	
	

	
Figure	11.	Setup	at	the	main	site	on	the	WSP-rooftop.	

	

	
Figure	12.	Repeatability	assurance	and	weatherproofing	at	the	main	site.	

4.2.2.2	Secondary	site	-	central	Gothenburg	
Distance	to	nearest	CORS,	3.3	km.	The	secondary	site	in	Gothenburg	(map	in	Figure	13),	
also	located	within	the	same	densified	net	as	the	main	site,	was	chosen	as	the	parking	lot	
on	 the	 rooftop	 of	 Gothenburg’s	 centrally	 located	mall,	 Nordstan.	 Although	 the	 risk	 of	
multipathing	can	increase	on	a	parking	lot	due	to	cars	serving	as	excellent	objects	for	the	
GNSS	signal	to	bounce	on,	measurements	were	made	at	low	hours	when	fewer	cars	were	
at	 the	 lot.	With	 the	 size	 of	 Nordstan’s	 parking	 lot	 and	 the	 low	 shopping	 and	 tourism	
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season	when	the	measurements	were	done,	the	total	number	of	cars	was	relatively	low	
overall.	
	

	
Figure	13.	The	secondary	site	in	Gothenburg,	the	stars	denote	the	closest	three	CORS.	

4.2.2.3	Secondary	site	–	Gysinge	
Distance	 to	 nearest	 CORS,	 13.3	 km.	 The	 secondary	 site	 in	 Gysinge	 was	 a	 parking	 lot	
outside	 Gysinge	mansion,	 which	 is	 located	 roughly	 in	 the	middle	 of	 one	 of	 the	 CORS	
triangles	 in	the	regular,	35km,	SWEPOS	net	(map	in	Figure	14).	As	with	the	secondary	
site	 in	Gothenburg,	measurements	were	 done	 at	 low	visiting	 hours	 to	 the	mansion	 as	
well	as	parking	in	a	way	that	blocked	of	a	section	of	the	parking	lot.	This	was	done	due	to	
there	 being	more	 visiting	 cars	 relative	 to	 the	 size	 of	 the	 parking	 lot	 compared	 to	 the	
secondary	site	in	Gothenburg	(see	Figure	15	for	site	conditions).	

	
Figure	14.	The	secondary	site	in	Gysinge,	the	stars	denote	the	closest	three	CORS.	
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Figure	15.	Setup	and	site	conditions	at	the	secondary	site	in	Gysinge.	

4.2.2.4	Secondary	site	–	Ornö,	Stockholm	archipelago	
Distance	 to	nearest	CORS,	32.4	km.	The	 last	 site,	Ornö,	 an	 island	 in	 the	archipelago	of	
Stockholm	and	well	outside	of	the	SWEPOS	net	(map	in	Figure	16).	Ornö	was	included	to	
see	if	there	exist	any	differences	in	the	service	providers	when	extrapolating	coordinates	
as	 this	 is	not	 a	 common	place	 to	measure	using	network	RTK	 thus	 it	might	 stress	 the	
services,	yielding	potentially	interesting	results.		

	
Figure	16.	The	secondary	site	on	Ornö.	The	stars	denote	the	closest	two	CORS.	
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The	 site	 of	 measurements	 on	 Ornö	 was	 chosen	 to	 a	 helipad	 for	 marine	 rescue	
helicopters	 (see	 Figure	 17	 for	 site	 conditions).	 There	 were	 obstructing	 trees	 in	 one	
direction	so	the	receivers	were	placed	parallel	to	the	treeline	in	order	for	it	to	affect	all	
receivers	equally.	
	

	
Figure	17.	Setup	at	the	secondary	site	on	Ornö.	

4.2.3	Data	processing	
After	 the	data	collection,	each	receiver	was	connected	 to	 the	desktop	client	offered	by	
the	different	makers,	Leica	Geo	Office,	Trimble	Business	Centre	and	Magnet	Field	from	
Topcon.	 From	 these	 different	 software,	 data	 was	 exported	 in	 planar	 coordinates	
SWEREF	99	TM	with	ellipsoidal	heights	to	a	common,	open,	file	format	(.CSV)	that	could	
be	opened	with	other	software	that	is	not	manufacturer	locked.	For	processing,	Matlab	
2014b	was	chosen,	as	it	provides	complete	control	and	insight	over	the	operations	being	
performed	and	due	to	its	capabilities	in	handling	large	amounts	of	data.	

4.2.4	Reference	coordinate	calculation	
To	 calculate	 reference	 coordinates,	 SWEPOS	 automatic	 web-based	 coordinate	
calculation	 service	was	 used.	 If	 it	 is	 used	 two	weeks	 after	measurements	 it	 is	 able	 to	
produce	the	best	possible	results	based	on	the	data	delivered,	as	this	 is	when	the	final	
post-processed	 ephemeris	 is	 available.	 This	 ephemeris	 has	 been	 calculated	 forth	 by	
observing	 the	 satellite’s	 position	 in	 space	 since	 the	 time	 of	 measuring	 and	 via	
interpolation	can	calculates	 forth	a	more	exact	ephemeris	 than	the	one	transmitted	by	
the	satellites	(Warren,	Raquet,	2003).	It	uses	post-processed	ephemeris	for	the	satellites	
and	 takes	 the	 raw	 observations	 from	 the	 receiver	 and	 recalculates	 the	 receiver’s	
position	using	the	post-processed	ephemeris	(Dach	et	al.,	2007).	This	process	is	done	via	
the	 BERNESE	 software	 from	 the	 Astronomical	 Institute	 at	 the	 University	 of	 Bern	 in	
Switzerland	that	is	linked	to	the	web-based	service.	
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4.2.5	Filtering	
No	data	 exist	 for	 expected	measurement	uncertainties	 in	 a	net	 as	dense	 as	 the	one	 in	
central	 Gothenburg.	 In	 order	 to	 make	 the	 results	 and	 subsequent	 analysis	 as	 fair	 as	
possible	 an	 iterative	 process	 to	 filter	 the	measurements	was	 decided	 upon.	 An	 initial	
filter	 was	 set	 at	 100	 mm	 in	 all	 directions	 from	 the	 mean	 value	 of	 the	 series	 for	 the	
measurements	coming	from	both	sites	in	Gothenburg,	to	500	mm	for	the	measurements	
in	 Gysinge	 and	 to	 1000	 mm	 for	 the	 measurements	 coming	 from	 Ornö.	 This	 would	
eliminate	the	worst	measurements	that	could	occur,	for	example	a	temporary	downtime	
in	the	3G	connections,	a	faulty	ambiguity	fix	or	a	float	solution.	After	this	correction,	the	
mean	value	of	each	measurement	series	was	recalculated	and	the	standard	deviation	of	
the	series	taken	forth.		
The	 three-sigma	 level	 could	 be	 calculated	 by	 retrieving	 the	 standard	 deviation	 and	
multiplying	it	by	three,	this	was	then	used	as	a	secondary	filter.	A	measurement	that	is	
outside	 the	 three	 sigma	 level	 could	 be	 considered	 a	 gross	 or	 random	 error	 and	 it	 is	
debated	as	to	whether	to	remove	these	measurements	or	not.	However	as	the	aim	of	the	
thesis	 is	 to	 showcase	 each	 service	 provider	 in	 the	 optimal	 scenario,	 the	 decision	was	
made	to	remove	the	measurements	outside	the	three-sigma	level	as	well.		

4.2.6	Calculations	
After	filtering,	statistics	needed	to	perform	the	two	analyses	were	taken	forth.	In	order	
to	perform	all	the	calculations,	reference	coordinates	were	needed	for	all	 the	sites,	see	
section	4.2.4,	and	a	simple	correlation	study	for	the	main	site	in	Gothenburg.		

4.2.6.1	Uncertainty	calculations	
For	 the	measurement	uncertainty	of	 the	different	 service	providers,	 first	 the	 standard	
uncertainty	 of	 each	 filtered	 series	was	 calculated	 using	 formula	 1.	 In	which	𝑛	denotes	
the	 number	 of	 measurements	 of	 the	 series,	𝑋 	the	 mean	 value	 for	 the	 coordinate	
component,	𝑥! 	the	𝑖!!	measurement	and	𝜎!	the	uncertainty	of	the	measurement	series.		
	
	

𝜎! =
1

(𝑛 − 1) (𝑥! − 𝑋)!
!

!!!

	 (1)	

	
These	 were	 then	 grouped	 according	 to	 the	 service	 provider	 and	 the	 uncertainties	
averaged	 using	 formula	 2,	 in	 statistics	 used	 as	 a	 formula	 for	 combining	 standard	
deviations	of	homogenous	datasets.	Here	𝑛	is	 the	number	of	measurement	series	 from	
receiver	 X	 towards	 service	 provider	 Y,	𝜎!,! 	the	 uncertainty	 for	 the	𝑖!! 	measurement	
series	from	receiver	X	using	service	provider	Y,	𝑛	is	the	number	of	measurement	series	
from	receiver	X	using	 service	provider	Y	 and	𝜎!" 	the	 combined	uncertainty	 for	 service	
provider	Y	based	on	all	measurement	series	from	receiver	X.		
	
	

𝜎!" =
1
𝑛 𝜎!,!!

!

!!!

	 (2a)	

	
After	obtaining	the	combined	uncertainty	for	each	service	provider	at	the	receiver	level,	
formula	2	was	used	again,	 substituting	 the	uncertainties	being	 combined.	𝜎!",! 	denotes	
the	combined	uncertainty	 for	service	provider	Y	based	on	data	 from	the	𝑖!!	receiver,	𝑛	
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the	number	of	receivers	and	𝜎!	the	combined	uncertainty	for	service	provider	Y	from	all	
receivers.	
	
	
	 𝜎! =

1
𝑛 𝜎!",!!

!

!!!

	 (2b)	

	
The	 above	 formulas	 1	 and	 2	 were	 utilized	 for	 each	 coordinate	 component;	 northing,	
easting	 and	 the	 ellipsoidal	 height	 (N,	 E	 and	 h)	 as	well	 as	 a	 planar	 component,	𝜎!"#$% ,	
given	 by	 combining	 the	 uncertainties	 of	 the	 northing,	𝜎!,	 and	 easting,	𝜎! ,	 component	
through	uncertainty	propagation	given	by	the	error	propagation	formula,	formula	3.		
	
	 𝜎!"#$% = 𝜎!! + 𝜎!!	 (3)	
	
In	order	 to	view	 the	extended	uncertainties	at	 the	95%	 level	 for	GNSS	measurements,	
the	common	practice	of	just	multiplying	the	sigma	value	does	not	show	the	entire	truth	
as	errors	of	GNSS	measurements	are	highly	correlated	in	time	(El-Rabbany,	1992;	Bona,	
2000).	 Instead	 as	 proposed	 by	 Persson	 and	 Jansson	 (2013),	 in	 order	 to	 view	 the	
uncertainties	 at	 a	 95%	 level,	 a	 confidence	 interval	 for	 uncertainties	 is	 needed.	
Multiplying	 the	 68.3%	 level	 uncertainty	with	 two	 different	 factors	 depending	 on	 how	
large	the	correlation	time	is	compared	to	the	length	of	the	measurement	series	does	this.	
An	excerpt	from	Persson	and	Jansson’s	article	below	in	Figure	17	shows	how	these	two	
relate	to	each	other,	where	𝑛	is	the	measurement	and	Ω	the	correlation	length.		

	
Figure	18.	Excerpt	 from	Persson	and	Jansson's	article	showing	relationship	between	correlation	 length	and	
number	of	measurements	as	well	as	how	these	affect	the	uncertainties	of	the	measurements.	

Although	a	correlation	study	is	outside	the	scope	of	this	thesis,	a	quick	analysis	was	done	
after	 the	 data	 processing	 with	 the	 aid	 one	 of	 the	 authors	 of	 the	 article,	 Clas-Göran	
Persson.	 This	 was	 to	 get	 a	 reasonable	 relationship	 between	 the	 measurement	 series	
length	and	the	correlation	time,	with	that,	reasonable	factors	for	the	confidence	interval	
(Persson,	2015	(see	appendix	II	for	results	from	this	analysis)).		
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4.2.6.2	Accuracy	calculations	
When	 reference	 coordinates	 had	 been	 retrieved	 through	 the	 SWEPOS	 coordinate	
calculation	 service	 (see	 section	 4.2.4)	 and	 the	 data	 had	 been	 filtered,	 the	 root	 mean	
squared	(RMS)	was	calculated,	which	is	defined	as	the	difference	between	the	observed	
value	and	 the	 reference	value	and	will	 serve	as	an	 indication	of	any	systematic	errors	
present	in	the	service	providers.	The	difference	from	equation	1	is	that	𝑋	is	used	instead	
of	𝑋,	which	is	the		
	
	

𝑅𝑀𝑆! =
1
𝑛 (𝑥! − 𝑋)!

!

!!!

	 (4)	

	
These	values	were	averaged	in	the	same	manner	as	with	the	uncertainties,	grouped	by	
service	provider	and	utilizing	the	same	formula	(2),	substituting	the	uncertainties	being	
combined	for	the	RMS	differences.	For	further	variable	explanation	see	equation	2a.		
	
	

𝑅𝑀𝑆!" =
1
𝑛 𝑅𝑀𝑆!,!!

!

!!!

	 (2c)	

Equation	2b	was	then	used	again	switching	𝜎!" 	with	the	with	𝑅𝑀𝑆!" .	

4.2.7	Control	 	
After	 the	 results	 had	 been	 received,	 they	 were	 verified	 in	 order	 to	 determine	 if	 the	
uncertainties	and	the	internal	scale	of	the	coordinate	components	was	reasonable.	This	
was	done	by	consulting	and	comparing	with	other	studies	previously	conducted	in	the	
field.	 The	 control	 values	 were	 given	 from	 “Visualization	 of	 a	 SWEPOS	 Coordinate	
Analysis”	 (Bronder,	 2011),	 the	 requirements	 of	 the	 STA	 shown	 in	 section	 4.1,	 LMV-
Rapport	 2010:2,	 describing	 uncertainties	 using	 network-RTK	 at	 different	 levels	 of	
network	 densifications	 (Odolinski	 a,	 2010)	 and	 the	 predicted	 uncertainties	 calculated	
forth	in	the	CLOSE	programme	(Edwards	et	al.,	2008).	

4.3	Qualitative	comparison	
The	qualitative	comparison	was	based	on	the	requirements	of	the	STA	(section	4.1)	that	
do	 not	 have	 a	 quantifiably	 measureable	 component.	 It	 also	 encompasses	 a	 more	
subjective	part	based	on	the	user	experience	related	to	utilizing	each	service	provider	as	
well	as	any	additional	parameters	that	was	not	known	beforehand	but	surfaced	during	
the	 course	 of	 the	 thesis.	 In	 order	 to	 get	 answers	 to	 the	 majority	 of	 the	 qualitative	
comparison,	 interviews	 were	 conducted	 with	 representatives	 from	 each	 service	
provider	and	notes	were	taken	to	give	results	regarding	the	user	experience.	
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5	Results	
The	results	will	be	split	 into	 two	parts,	 the	quantitative	comparison	 in	section	5.1	and	
the	qualitative	comparison	in	section	5.2.	

5.1	Quantitative	comparison	
The	uncertainty	study	conducted	by	analysing	data	from	the	main	site	in	Gothenburg	is	
covered	 in	 section	 5.1.1.	 Detection	 of	 systematic	 deviations	 via	 the	 accuracy	 study	 is	
covered	 in	 section	5.1.2	 and	 encompasses	 data	 from	 the	main	 site	 in	Gothenburg,	 the	
secondary	 site	 in	 Gothenburg	 as	 well	 as	 the	 secondary	 site	 in	 Gysinge.	 Uncertainties	
from	the	extrapolation	scenario	at	Ornö	will	be	displayed	in	section	5.1.3.	

5.1.1	Uncertainty	study	
The	 measurement	 filtering	 is	 covered	 in	 section	 5.1.1.1;	 with	 the	 number	 of	
measurements	before	any	filtering	as	well	as	after	all	filter	steps	have	been	applied.	The	
results	 of	 the	 uncertainty	 study	 are	 then	 divided	 into	 two	 parts:	 one	with	 receiver	 C,	
section	 5.1.1.2,	 and	 the	 other	 without	 receiver	 C,	 section	 5.1.1.3,	 the	 reason	 for	 this	
division	is	discussed	and	explained	further	in	section	6.1.1.1.	

5.1.1.1	Filtering	
After	 the	 initial	 export	 into	 a	 common	 format	 and	before	 any	 filtering,	 the	 number	 of	
measurements	for	each	service	provider	from	every	receiver	is	shown	in	table	2.	
Table	2.	Number	of	measurements	at	the	main	site	before	filtering.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 16722	 42588	 14648	 49580	 123538	
B	 58125	 32496	 40395	 29492	 160508	
C	 50333	 18105	 25705	 -	 94143	
D	 14050	 39520	 15128	 22206	 90904	
E	 67422	 37589	 35014	 15109	 155134	
Total	 206652	 170298	 130890	 116387	 	
Sample	 time	series	of	a	 “good”	and	a	 “bad”	 series	and	 their	 corresponding	histograms	
are	shown	in	Figures	19	and	20.		
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Figure	19.	Sample	“good”	measurement	time	series	with	its	related	histogram	before	filtering.	

	

	

Figure	20.	Sample	“bad”	measurement	time	series	with	its	related	histogram	before	filtering.  
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The	 recorded	 effect	 of	 the	 ionosphere	 was	 observed	 for	 the	 duration	 of	 the	
measurements	series	at	 the	main	site	 in	Gothenburg.	The	different	 ionosphere	activity	
graphs	are	shown	below	in	Figures	21	–	24. 

	
Figure	21.	Ionosphere	activity	graph	for	the	first	day	of	measuring	at	the	main	site,	the	12th	of	May	2015.	

	

Figure	22.	Ionosphere	activity	graph	for	the	second	day	of	measuring	at	the	main	site,	the	13th	of	May	2015.	

	

Figure	23.	Ionosphere	activity	graph	for	the	third	day	of	measuring	at	the	main	site,	the	14th	of	May	2015.	

	

Figure	24.	Ionosphere	activity	graph	for	the	final	day	of	measuring	at	the	main	site,	the	15th	of	May	2015.	
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After	 removing	 the	measurements	 from	 the	night	 of	 the	13th	 of	May	 and	 applying	 the	
two	filters,	the	number	of	measurements	left	is	shown	below	in	table	3.	
Table	3.	Number	of	measurements	at	the	main	site	after	applying	all	filters.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 16722	 29529	 14648	 49580	 110479	
B	 58125	 32496	 12657	 29492	 132770	
C	 40374	 18105	 11680	 -	 70159	
D	 14050	 39520	 15128	 22206	 90904	
E	 45776	 37589	 35014	 15109	 133488	
Total	 175047	 157239	 89127	 116387	 	
	
The	same	series	showcased	above	in	Figures	19	and	20	are	shown	below	in	Figures	25	
and	26	after	applying	all	filters.		

	

	
Figure	25.	Sample	“good”	measurement	time	series	with	its	related	histogram	after	filtering.		

	

	
Figure	26.	Sample	“bad”	measurement	time	series	with	its	related	histogram	after	filtering.	
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5.1.1.2	Results	including	receiver	C	
After	applying	the	equations	shown	in	4.2.6.2,	the	uncertainties	for	the	receivers	and	the	
combined	uncertainties	for	each	service	provider	is	shown	below	in	table	4	and	5.	These	
results	show	the	uncertainties	at	the	sigma	(68.3%)	level	and	expressed	in	mm.	
	
Planar	uncertainties:	
Table	4.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	planar	component,	
at	the	main	site,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 5.1	 5.3	 5.4	 4.6	 5.1	
B	 4.3	 5.4	 5.8	 3.9	 4.9	
C	 6.0	 5.2	 4.9	 -	 5.4	
D	 5.5	 4.4	 4.0	 5.0	 4.8	
E	 5.4	 5.6	 4.0	 4.6	 4.9	
Total	 5.3	 5.2	 4.9	 4.6	 	
	
Height	uncertainties:	
Table	5.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	height	coordinate	
component,	at	the	main	site,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 8.5	 7.4	 7.3	 7.2	 7.6	
B	 6.7	 7.9	 7.5	 6.6	 7.2	
C	 10.4	 7.6	 8.4	 -	 8.9	
D	 8.2	 6.5	 6.8	 8.0	 7.4	
E	 8.2	 7.9	 6.0	 6.0	 7.1	
Total	 8.5	 7.5	 7.2	 7.0	 	
	
After	receiving	uncertainties	at	the	service	provider	level,	the	numbers	are	multiplied	by	
the	 factors	 given	 through	 the	 correlation	 study	performed	by	Clas-Göran	Persson	 and	
their	 corresponding	 values	 from	 the	 table	 shown	 in	 Figure18.	With	 the	 data	 present,	
these	factors	were	0.85	for	the	lower	boundary	and	1.25	for	the	higher	(Persson,	2015).	
Using	these	factors,	the	95%	confidence	interval	for	the	uncertainties	are	shown	in	table	
6	and	expressed	in	mm.	
	
Table	6.	Merged	confidence	interval	results	for	the	uncertainties	shown	in	tables	4	and	5	of	the	different	
service	providers,	the	number	are	expressed	in	mm.	

Coordinate	
component/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	

Plane	 [4.5	–	6.6]	 [4.4	–	6.5]	 [4.2	–	6.1]	 [3.9	–	5.8]	
Height	 [7.2	–	10.6]	 [6.4	–	9.4]	 [6.1	–	9.0]	 [6.0	–	8.8]	
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For	ease	of	analysis	and	to	give	a	quick	indication	of	any	differences	between	the	service	
providers,	 a	 visual	 clarification	 of	 the	 intervals	was	 created	 for	 the	 results	 in	 table	 6.	
These	clarifications	are	shown	below	in	Figures	27	and	28.	

	
Figure	27.	Visual	representation	of	the	planar	uncertainty	confidence	interval	shown	in	table	6.	

	
Figure	28.	Visual	representation	of	the	height	uncertainty	confidence	interval	shown	in	table	6.	
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5.1.1.3	Results	excluding	receiver	C	
After	 excluding	 the	 results	 from	 receiver	 C,	 the	 planar	 and	 height	 uncertainties	 are	
shown	below	in	table	7	and	8.	
	
Planar	uncertainties:	
Table	7.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	planar	component,	
at	the	main	site,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 5.1	 5.3	 5.4	 4.6	 5.1	
B	 4.3	 5.4	 5.8	 3.9	 4.9	
D	 5.5	 4.4	 4.0	 5.0	 4.8	
E	 5.4	 5.6	 4.0	 4.6	 4.9	
Total	 5.1	 5.2	 4.9	 4.5	 	
	
Height	uncertainties:	
Table	8.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	height	coordinate	
component,	at	the	main	site,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 8.5	 7.4	 7.3	 7.2	 7.6	
B	 6.7	 7.9	 7.5	 6.6	 7.2	
D	 8.2	 6.5	 6.8	 8.0	 7.4	
E	 8.2	 7.9	 6.0	 6.0	 7.1	
Total	 7.9	 7.5	 6.9	 7.0	 	
	
When	utilizing	 the	same	 factors	as	 in	5.1.1.2,	 the	created	confidence	 interval	 is	 shown	
below	in	table	9,	expressed	in	mm.	
	
Table	9.	Merged	confidence	interval	results	for	the	uncertainties	shown	in	tables	7	and	8	of	the	different	
service	providers,	the	number	are	expressed	in	mm.	

Coordinate	
component/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	

Plane	 [4.3	–	6.4]	 [4.4	–	6.5]	 [4.1	–	6.1]	 [3.9	–	5.8]	
Height	 [6.7	–	9.9]	 [6.3	–	9.3]	 [5.9	–	8.7]	 [6.0	–	8.8]	
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For	ease	of	analysis	and	to	give	a	quick	indication	of	any	differences	between	the	service	
providers,	 a	 visual	 clarification	 of	 the	 intervals	was	 created	 for	 the	 results	 in	 table	 9.	
These	clarifications	are	shown	below	in	Figures	29	and	30.	

	
Figure	29.	Visual	representation	of	the	planar	uncertainty	confidence	interval	shown	in	table	9.	

	

Figure	30.	Visual	representation	of	the	height	uncertainty	confidence	interval	shown	in	table	9.	
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5.1.1.4	Ornö	results	
The	results	 from	the	extrapolation	scenario	at	Ornö	are	shown	below	in	tables	10	and	
11,	 the	planar	combination	uncertainty	and	 the	height	uncertainty.	These	results	have	
been	put	through	the	same	filtering	and	the	same	equations	as	the	measurements	at	the	
main	site,	however	with	higher	margins	as	described	in	4.2.5.	
	
Planar	uncertainties:	
Table	10.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	planar	
component,	from	the	secondary	site	in	Ornö,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 9.3	 -	 7.2	 7.8	 8.1	
B	 11.2	 -	 6.6	 8.7	 9.0	
C	 11.8	 14.7	 13.6	 12.1	 13.1	
E	 -	 10.4	 11.3	 -	 10.9	
Total	 10.8	 12.7	 10.1	 9.7	 	
	
Height	uncertainties:	
Table	11.	Uncertainties	for	the	different	service	providers	at	the	sigma	(68.3%)	level	in	the	height	coordinate	
component,	from	the	secondary	site	in	Ornö,	given	in	mm.	

Receiver/Service	
provider	

SmartNet	 TopNET	 VRS	Now	 SWEPOS	 Total	

A	 17.7	 -	 16.6	 15.5	 16.6	
B	 16.1	 -	 11.8	 14.7	 14.3	
C	 21.7	 27.1	 27.9	 21.3	 24.7	
E	 -	 20.7	 22.9	 -	 21.8	
Total	 18.7	 24.1	 20.7	 17.4	 	
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5.1.2	Accuracy	study	
The	results	 from	the	accuracy	study	is	split	 into	three	parts,	 the	first	part	showing	the	
RMS	values	from	the	site	at	the	WSP-rooftop	in	Gothenburg,	section	5.1.2.1.	The	second	
and	 third	 part	 containing	 the	 secondary	 sites	 of	 Gothenburg	 and	 Gysinge,	 in	 sections	
5.1.2.2	and	5.1.2.3.	All	data	has	been	passed	through	the	filtering	described	in	4.2.5	with	
applied	equations	described	in	4.2.6.3.	

5.1.2.1	RMS	at	main	measurement	site	
The	RMS	 values	 for	 the	 different	 receivers	 and	 service	 providers	 are	 shown	below	 in	
tables	 12	 –	 14.	 These	 tables	 show	 the	 northing,	 easting	 and	 height	 component,	 with	
values	given	in	mm.	
	
Northing	RMS	values:	
Table	12.	Northing	RMS	values	from	the	main	site,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 5.0	 4.6	 4.5	 3.8	
B	 3.5	 4.6	 5.0	 3.1	
C	 5.4	 4.0	 4.9	 -	
D	 4.4	 4.1	 3.3	 4.4	
E	 6.3	 5.2	 4.8	 4.5	
Total	 5.0	 4.5	 4.5	 4.0	
	
Easting	RMS	values:	
Table	13.	Easting	RMS	values	from	the	main	site,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 2.8	 4.6	 3.7	 3.9	
B	 2.9	 3.2	 4.8	 2.5	
C	 5.0	 3.3	 2.9	 -	
D	 3.7	 3.3	 2.5	 2.8	
E	 4.2	 3.8	 2.8	 3.2	
Total	 3.8	 3.7	 3.4	 3.0	
	
Height	RMS	values:	
Table	14.	Height	RMS	values	from	the	main	site,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 9.1	 9.3	 7.5	 8.7	
B	 6.7	 8.8	 7.5	 7.3	
C	 11.0	 9.0	 11.8	 -	
D	 9.7	 7.5	 8.8	 10.1	
E	 5.4	 5.2	 5.2	 5.2	
Total	 8.6	 8.1	 8.4	 8.0	
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5.1.2.2	RMS	at	secondary	site	in	Gothenburg	
The	RMS	 values	 for	 the	 different	 receivers	 and	 service	 providers	 are	 shown	below	 in	
tables	 15	 –	 17.	 These	 tables	 show	 the	 northing,	 easting	 and	 height	 component,	 with	
values	given	in	mm.	As	mentioned	in	section	4.2.2,	receiver	D	is	not	included.	
	
Northing	RMS	values:	
Table	15.	Northing	RMS	values	from	the	secondary	site	in	Gothenburg,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 2.6	 4.4	 3.5	 3.9	
B	 3.0	 3.4	 3.4	 4.2	
C	 -	 -	 -	 -	
E	 3.3	 3.6	 3.5	 3.3	
Total	 3.0	 3.8	 3.5	 3.8	
	
Easting	RMS	values:	
Table	16.	Easting	RMS	values	from	the	secondary	site	in	Gothenburg,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 3.6	 3.9	 4.1	 2.9	
B	 4.0	 2.3	 3.7	 4.0	
C	 -	 -	 -	 -	
E	 2.9	 3.2	 2.5	 3.0	
Total	 3.5	 3.2	 3.5	 3.3	
	
Height	RMS	values:	
Table	17.	Height	RMS	values	from	the	secondary	site	in	Gothenburg,	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 7.3	 14.4	 12.1	 13.9	
B	 10.3	 13.4	 15.5	 14.5	
C	 -	 -	 -	 -	
E	 7.6	 7.2	 6.3	 7.2	
Total	 8.5	 12.1	 11.9	 12.3	
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5.1.2.3	RMS	at	secondary	site	in	Gysinge	
The	RMS	 values	 for	 the	 different	 receivers	 and	 service	 providers	 are	 shown	below	 in	
tables	 18	 –	 20.	 These	 tables	 show	 the	 northing,	 easting	 and	 height	 component,	 with	
values	given	in	mm.	As	mentioned	in	section	4.2.2,	receiver	D	is	not	included.	
	
Northing	RMS	values:	
Table	18.	Northing	RMS	values	from	the	secondary	site	in	Gysinge	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 -	 13.5	 7.5	 13.0	
B	 6.7	 4.3	 11.3	 4.3	
C	 10.2	 12.7	 -	 18.7	
E	 7.8	 9.5	 9.6	 5.5	
Total	 8.4	 10.6	 8.3	 11.9	
	
Easting	RMS	values:	
Table	19.	Easting	RMS	values	from	the	secondary	site	in	Gysinge	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 -	 4.5	 2.9	 6.2	
B	 5.4	 4.4	 3.8	 5.1	
C	 4.9	 7.1	 -	 6.4	
E	 13.2	 12.2	 13.2	 12.2	
Total	 8.7	 7.7	 7.0	 8.0	
	
Height	RMS	values:	
Table	20.	Height	RMS	values	from	the	secondary	site	in	Gysinge	given	in	mm.	

Receiver/Service	provider	 SmartNet	 TopNET	 VRS	Now	 SWEPOS	
A	 -	 8.2	 11.7	 18.4	
B	 20.6	 13.9	 15.7	 13.7	
C	 22.6	 22.2	 -	 42.5	
E	 27.3	 12.0	 12.0	 8.4	
Total	 23.7	 15.0	 11.5	 24.5	
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5.2	Qualitative	comparison	
Listed	below	 in	 table	21	 is	 a	 summary	of	 the	different	 service	providers	 and	how	 the	
compare	 to	 the	 requirements	 of	 the	 STA	 (section	 4.1).	 The	 answers	 to	 this	 summary	
comes	 from	 interviews	 with:	 Johansson	 (2015a;	 2015b)(SmartNet),	 Corell	
(2015)(TopNET	 Live),	 Brodén	 (2015a;	 2015b)(VRS	 Now)	 and	 Wiklund	 (2015a;	
2015b)(SWEPOS).	
	
Table	21.	Summary	of	the	qualitative	comparison.	

	 SmartNet	 TopNET	Live	 VRS	Now	 SWEPOS	
Coordinate	
calculation	
service	

Yes,	automatic	
external	web	
based.	

No,	only	
manual	via	
Topcon	
software.	

No,	only	
manual	via	
Trimble	
software.	

Yes,	automatic	
external	web	
based.	

Main	technical	
support	

08.00	–	16.00	 08.00	–	16.30	 07.00	–	16.00	 06.30	–	20.30	

Support	staff	
with	main	
focus	on	
network-RTK	

1	 No	information	 3-4	 9	

On-call	support	 Yes,	English	
speaking	via	
the	UK	

No	 Yes,	English	
speaking	via	
Germany	

Yes,	Swedish	
speaking	
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6	Discussion	
The	 quantitative	 comparison	 is	 discussed	 in	 6.1	 with	 the	 uncertainties	 of	 the	 service	
providers	discussed	in	6.1.1	and	the	accuracy	of	the	service	providers	and	receivers	in	
6.1.2.	 The	 qualitative	 comparison	 is	 discussed	 in	 6.2	 with	 the	 demands	 and	
specifications	in	6.2.1	and	finally	the	subjective	user	experience	in	6.2.2.		

6.1	Quantitative	comparison	

6.1.1	Measurement	uncertainties	
The	discussion	 is	 split	 into	 the	same	structure	as	 the	 results,	with	 the	 filtering	step	 in	
6.1.1.1,	 results	with	receiver	C	 in	6.1.1.2	and	without	receiver	C	 in	6.1.1.3.	The	control	
described	 in	 4.2.6	 will	 be	 discussed	 in	 6.1.1.4	 and	 the	 accuracy	 study	 is	 discussed	 in	
6.1.2.	Finally	the	results	from	the	extrapolation	at	Ornö	is	covered	in	6.1.3.	

6.1.1.1	Filtering	
By	comparing	the	filtered	histograms	showing	the	distribution	of	the	measurements	in	
Figures	 19	 and	 20	 with	 the	 unfiltered	 histograms	 shown	 in	 Figures	 25	 and	 26	 it	 is	
evident	 that	 the	 measurements	 after	 filtration	 conform	 much	 better	 to	 the	 expected	
normal	distribution	that	is	associated	with	network-RTK	measurements.	Although	it	was	
unexpected	 that	 the	 initial	 measurements	 would	 deviate	 this	 much	 from	 the	 normal	
distribution	the	decision	to	not	implement	any	receiver	filtering	was	done	intentionally.	
Had	the	choice	been	taken	to	implement	a	strict	PDOP	limit	instead	of	no	limit	at	all	the	
results	might	 have	 been	 a	 bit	 better	 from	 the	 start.	 But	 this	 seems	highly	 unlikely,	 as	
with	 the	 constellations	 in	 place	 today,	 the	 occasions	when	 the	 PDOP	 value	 is	 bad	 are	
becoming	more	rare.	
	
In	 accordance	 with	 the	 intention	 to	 showcase	 the	 service	 providers	 in	 the	 best-case	
scenario,	 the	decision	was	made	to	remove	the	measurements	from	the	night	between	
the	13th	and	14th	of	May.	This	decision	was	made	after	observing	the	ionosphere	graphs	
in	 Figures	 21	 to	 24,	 which	 show	 a	 significant	 increase	 in	 the	 ionosphere’s	 activity	
between	 the	 hours	 of	 21.00	 –	 03.00.	 Peaking	 at	 the	 highest	 level	 of	 activity	 set	 up	 by	
SWEPOS	(see	section	2.9.1	for	clarification).	
	
We	 can	 also	 conclude	 from	 tables	 2	 and	 3	 (Receiver	 C	 having	 the	 least	 amount	 of	
measurements	 made	 to	 all	 different	 service	 providers)	 that	 receiver	 C	 experienced	
major	problems	with	data	corruption	even	stretching	as	far	as	not	being	able	to	salvage	
any	measurements	 from	 it	 SWEPOS.	 This	 receiver	was	 brand	 new	 and	 had	 just	 been	
unpacked	before	being	used	in	this	thesis,	perhaps	indicating	that	it	should	have	had	a	
bit	more	tweaking	and	configuring	before	being	used.		

6.1.1.2	Results	including	receiver	C	
When	interpreting	the	results	shown	in	table	6	and	highlighted	Figure	27	and	28,	with	
overall	 planar	 uncertainties	 between	3.9	 to	 6.6	mm	and	height	 uncertainties	 between	
6.0	 to	10.6	mm	(given	at	a	95%	 level),	 the	service	providers	have	comparable	 results.	
However	in	height	there	a	difference	in	uncertainty	for	SmartNet	of	over	1	millimetre	is	
compared	 to	 TopNET	 Live,	 the	 service	 provider	 with	 the	 second	 highest	 uncertainty.	
Although	it	cannot	be	statistically	determined	within	the	scope	of	the	thesis	as	it	would	
require	a	more	in-depth	correlation	analysis.	The	brief	correlation	analyses	that	lead	to	
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the	creation	of	the	factors	in	the	intervals	of	table	6	also	suggest	that	an	accuracy	in	the	
factors	of	about	3-5	%.		

6.1.1.3	Results	excluding	receiver	C	
If	 we	 choose	 to	 exclude	 receiver	 C	 due	 to	 the	 lack	 of	 SWEPOS	 measurements,	 the	
combined	 height	 uncertainty	 is	 lowered	 and	 the	 difference	 between	 the	 service	
providers	 becomes	 obsolete.	 This	 is	 in	 line	 with	 the	 results	 from	 Martin,	 McGovern	
(2012)	and	Edwards	et	al.	(2010),	suggesting	that	there	are	no	differences	between	the	
service	providers.	It	should	be	noted	that	Edwards	et	al.	only	compared	SmartNet	to	VRS	
Now	 and	 did	 not	 include	 TopNET	 Live.	 Although	 the	 differences	 are	 very	 slight,	
SmartNet	does	have	the	highest	uncertainty	from	three	out	of	four	receivers.	

6.1.1.4	Control	
Conclusions	 from	 Bronder	 (2011)	 suggest	 that	 the	 uncertainty	 of	 the	 northing	
component	 should	 be	 slightly	 larger	 than	 that	 of	 the	 easting	 component	 and	 that	 the	
uncertainty	 in	height	should	be	about	50%	larger	than	that	of	 the	planar	combination.	
This	coincides	well	 to	the	results	shown	in	table	6	and	9	(planar	uncertainties	of	3.9	–	
6.6	and	3.9	–	6.5	mm	and	uncertainties	in	height	of	6	–	10.3	and	6	–	9.9	mm).	They	are	
further	 verified	 by	 being	 under	 the	 specified	 max	 uncertainties	 for	 project-based	
network-RTK	given	by	the	STA’s	requirements	(section	4.1)	stating	max	uncertainties	of	
8	mm	in	plane	and	12	mm	in	height.	
	
Predicted	values	from	the	CLOSE	programme	indicate	a	horizontal	uncertainty	of	6	mm	
and	 a	 vertical	 uncertainty	 of	 11	 mm	 in	 a	 dense	 CORS	 net	 (Emardson	 et	 al.,	 2008),	
something	 that	 is	 confirmed	 by	 the	 results	 from	 Odolinski	 (2010b).	 There	 is	 no	
information	as	to	what	level	of	uncertainty	these	values	conform	to,	thus	the	assumption	
that	they	represent	uncertainties	at	the	sigma	(68.3%)	level	is	made.	But	the	magnitude	
of	these	uncertainties	compared	to	the	ones	obtained	in	this	thesis	match	up	well	giving	
further	verification	to	the	results	of	the	thesis.	

6.1.2	Accuracy	study	
When	observing	the	RMS	values	from	the	main	site	as	shown	in	section	5.1.1.1,	the	inter-
service	provider	differences	are	small	to	the	point	that	the	differences	can	be	considered	
insignificant.	 The	 same	 cannot	 be	 said	 for	 the	 RMS	 values	 from	 the	 secondary	 sites,	
shown	in	section	5.1.1.2	and	5.1.1.3.	Neither	of	these	tables	paints	a	clear	picture	and	it	
is	 very	 hard	 to	 draw	 any	 real	 conclusions	 from	 the	 tables	 alone.	 The	 height	 RMS	 of	
receiver	 B	 at	 the	 secondary	 site	 in	 Gothenburg	 is	 very	 high	 compared	 to	 the	 other	
receivers	 at	 the	 same	 site	 something	 that	 is	 odd	 as	 receiver	 B	 usually	 has	 the	 lowest	
uncertainties	 and	 RMS	 values.	 This	 difference	 could	 be	 contributed	 to	 a	 faulty	
measurement	of	the	tripod	height	for	receiver	B	and	thus	the	result	of	a	human	error.	
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6.1.3	Extrapolation	uncertainties	at	Ornö	
Measuring	 outside	 the	 CORS	 net	 in	 Ornö	 proved	 to	 be	 quite	 difficult.	 Several	 of	 the	
receivers	 failed	 to	 record	 any	measurements	 at	 all	with	 at	 least	 one	 service	 provider.	
Overall	the	results	are	still	better	than	anticipated	with	planar	uncertainties	of	about	10-
12	mm	in	plane	and	17-25	mm	in	height.	This	proves	that	if	one	manages	to	connect	to	a	
service	and	record	measurements,	uncertainties	are	not	 far	 from	those	expected	when	
measuring	 in	 the	 regular	SWEPOS	CORS	net.	However,	due	 to	 the	series	 lengths	being	
short	and	not	enabling	any	reference	coordinate	calculations,	it	is	impossible	to	tell	the	
accuracy	of	the	measurements	and	if	they	are	affected	by	any	systematic	errors.	

6.2	Qualitative	comparison	
The	 qualitative	 comparison	 covers	 a	 lot	 of	 policy-related	 topics,	 meaning	 they	 could	
change	 with	 relative	 ease	 depending	 on	 specifications	 and	 requirements	 related	 to	
agreements.	With	this	 in	mind,	 the	discussion	will	be	centred	focused	on	the	state	and	
policies	of	the	different	service	providers	in	effect	during	the	thesis.	

6.2.1	Results	compared	to	Swedish	Transport	Administration	requirements	
As	the	requirements	are	a	result	of	the	project	“Bana	Väg	i	Väst”	(see	section	2.7.4),	it	is	
to	no	surprise	that	SWEPOS	fulfils	all	the	requirements.	All	other	service	providers	offer	
fewer	hours	of	direct	support	and	fewer	hours	of	Swedish-speaking	support	compared	
to	SWEPOS.	Although	this	becomes	less	and	less	of	a	problem	with	the	main	language	of	
many	projects	today	being	English	the	amount	of	hours	of	direct	support	is	still	an	issue.		
	
TopNET	Live	does	not	offer	on-call	support,	something	that	could	be	considered	a	must	
as	the	types	of	projects	in	which	the	STA	utilizes	project-based	network-RTK	often	run	
24/7.		
	
Neither	VRS	Now	nor	TopNET	Live	offer	 an	 external	 automatic	 coordinate	 calculation	
service,	 something	 that	 would	 have	 to	 be	 implemented	 before	 becoming	 viable	 as	 a	
supplier	to	the	STA.	

6.2.2.	Subjective	user	experience	
The	service	providers,	apart	 from	SWEPOS,	 leave	an	 impression	that	 the	network-RTK	
service	 is	 a	 secondary	 business.	 This	 theory	 is	 verified	 when	 observing	 the	 different	
companies	 that	 administer	 the	 services	 here	 in	 Sweden.	 All	 of	 them	 are	 equipment	
retailers	that	also	provide	equipment	maintenance	and	when	observing	the	results	from	
table	21	this	becomes	evident.	Primarily	when	viewing	the	amount	of	support	staff	that	
has	 a	main	 focus	 on	 the	 network-RTK	 service.	 During	work	with	 the	 thesis,	 SWEPOS	
always	had	several	staff	available	to	answer	all	questions	related	to	network-RTK	issues,	
but	 the	 other	 service	 providers	 had	 certain	 key	 people	 that	 needed	 to	 be	 available	 to	
answer	 other	 than	 administrative	 questions	 directly.	 This	 was	 not	 really	 a	 problem	
when	 conducting	 the	 thesis.	 But	 a	 large	 project	 with	 plenty	 of	 users	 that	 utilize	 the	
network-RTK	service	for	machine	guidance	or	measurements	and	they	experience	some	
sort	of	error,	support	needs	to	be	available	and	be	able	to	handle	a	more	vast	variety	of	
questions	at	all	times.	
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6.2.3	Qualitative	comparison	summary	
As	 the	 requirements	 of	 the	 STA	 regarding	 project-based	 network-RTK	 in	 its	 current	
form	are	derived	from	the	work	conducted	by	the	STA	and	SWEPOS	in	“Bana	Väg	i	Väst”	
and	 the	 fact	 that	 the	 other	 service	 providers	 were	 not	 established	 in	 Sweden	 at	 that	
time,	 the	 full	 extents	 of	 the	 requirements	 might	 not	 have	 been	 known	 by	 the	 other	
service	providers	when	deciding	on	support	staff	allocation	etc.		
	
The	comparison	conducted	in	this	thesis	only	takes	into	account	the	service	providers	in	
their	 state	 exhibited	 during	 the	 thesis.	 It	 should	 not	 be	 interpreted	 as	 SWEPOS	 being	
better	than	the	other	service	providers.	But	rather	that	at	the	time	of	the	thesis,	the	state	
that	 SWEPOS	 was	 in	 and	 the	 policies	 it	 had	 in	 effect	 were	 most	 suited	 for	 the	
requirements	of	the	STA.		
	
This	 difference	has	 a	 simple	 explanation	 in	 the	 fact	 that	 being	 a	 network-RTK	 service	
provider	 is	 the	 primary	 source	 of	 business	 for	 SWEPOS	 and	 a	 secondary	 for	 the	
companies	 administrating	 the	 other	 service	 providers	 in	 Sweden.	 The	 differences	
between	SWEPOS	and	the	other	service	providers	are	deemed	not	to	be	 insuperable	 if	
adequate	resources	are	allocated.		
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7	Conclusion	
The	purpose	of	this	thesis	is	to	do	a	comparison	over	the	service	providers	of	network-
RTK	 solutions	 currently	 active	 in	 Sweden	 on	 behalf	 of	 the	 Swedish	 Transport	
Administration.	Focus	will	be	put	on	project-based	network-RTK,	meaning	dense	CORS	
networks,	and	can	be	summarized	into	the	following	bullets:		

	
• Obtainable	measurement	uncertainties	–	Are	 there	any	differences	between	the	

service	 providers?	 Do	 they	 all	 pass	 the	 current	 demands	 set	 by	 the	 Swedish	
Transport	Administration	regarding	project-based	network-RTK?	
	

All	 service	 providers	 yield	 comparable	 results,	 although	 there	 is	 a	 slight	 difference	 in	
height	between	SmartNet	and	the	other	service	providers.	The	scope	of	this	thesis	does	
not	 permit	 a	 full	 correlation	 analysis	 needed	 to	 statistically	 verify	 the	 difference.	
However,	they	are	all	within	the	current	demands	currently	 in	place	from	the	Swedish	
Transport	Administration,	even	when	viewing	the	extended	uncertainty	(95%	level).	
	

• Measurement	 accuracy	 and	 performance	 –	 Does	 systematic	 errors	 exist	 in	 the	
corrections	 transmitted	 by	 any	 service	 providers?	 Does	 the	 time	 to	 fix	 differ	
significantly	between	them?	

	
There	are	no	systematic	errors	visible	 in	any	of	 the	service	providers	when	 looking	at	
data	 from	 the	main	measuring	 site.	 No	 conclusions	 can	 be	made	 regarding	 the	 other	
sites,	as	data	from	them	do	not	yield	conclusive	results.	With	each	measurement	series	
being	treated	individually,	the	results	from	the	main	site	are	deemed	more	robust.	This	
leads	to	the	overall	conclusion	that	there	are	no	systematic	errors	visible	in	any	of	the	
service	providers.	Performance-wise,	no	clear	differences	were	visible	in	terms	of	time-
to-first-fix.	 This	 conclusion	 is	 based	 on	 subjective	 impressions	 and	 estimations	 of	 the	
time-to-first-fix,	as	 the	 initial	methodology	proved	too	cumbersome	to	be	viable	 in	 the	
field.	
	

• Interoperability	 –	 Do	 the	 service	 providers	 yield	 equal	 results	 when	 using	
receivers	from	different	brands?	

	
There	are	no	apparent	interoperability	issues	detected.	Users	in	the	field	can	utilise	any	
brand	of	receiver	without	issues.	
	

• Surrounding	 infrastructure	 and	 user	 experience	 –	 What	 is	 the	 surrounding	
infrastructure	of	the	different	service	providers	like	in	terms	of	e.g.	support	and	
what	is	the	overall	user	experience	like?		
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To	 summarize	 the	 comparison	 of	 the	 support	 capabilities	 and	 surrounding	
infrastructure	for	the	different	service	providers,	 it	 is	 the	opinion	of	the	author	that	at	
the	time	of	 the	thesis	there	were	differences	between	the	service	providers.	Especially	
when	observing	the	amount	of	resources	allocated	to	the	network-RTK	service,	such	as	
support	staff.	This	is	believed	to	be	mainly	due	to	this	being	the	primary	area	of	business	
for	 SWEPOS,	 and	 more	 of	 a	 secondary	 for	 the	 companies	 administrating	 SmartNet,	
TopNet	Live	and	VRS	Now.		
	
The	Swedish	Transport	Administration	regularly	reviews	its	framework	agreements	and	
if	the	decision	were	made	to	review	the	one	for	project-based	network-RTK	it	would	be	
possible	 for	 all	 service	 providers	 to	 serve	 as	 viable	 alternatives	 with	 only	 minor	
alterations	being	needed	from	SmartNet,	TopNet	Live	and	VRS	Now	to	put	them	on	par	
with	SWEPOS	in	terms	of	support	capabilities	and	surrounding	infrastructure	as	at	the	
technical	level,	all	four	service	providers	are	equal.	

8	Future	studies	
This	 is	 the	 first	 comparison	 of	 network-RTK	 service	 providers	 conducted	 officially	 in	
Sweden.	 Focus	 on	 this	 thesis	 has	 been	 on	 uncertainties	 in	 a	 dense	 CORS	 net	 with	
uncertainties	 in	 the	 regular	CORS	net	 as	well	 as	 a	 sparse	CORS	net	 falling	outside	 the	
scope	of	this	thesis.	
	
One	of	the	conclusions	is	that	there	is	a	slight	difference	in	height	between	SmartNet	and	
the	other	service	providers.	It	would	be	interesting	to	see	whether	this	difference	is	due	
to	the	MAC	principle	behind	SmartNet	not	being	able	to	utilize	the	increased	number	of	
CORS	 that	comes	with	a	dense,	project-based	solution,	or	 if	 this	difference	exist	 in	 the	
regular	CORS	net	as	well?	
	
The	 scope	 of	 this	 thesis	 did	 not	 permit	 a	 full	 correlation	 analysis;	 rather	 Clas-Göran	
Persson	helped	by	performing	a	 condensed	version	 in	order	 to	 receive	 factors	 for	 the	
95%	uncertainty	 confidence	 interval	 creation.	As	 the	 service	provider	 utilize	 different	
software	 in	order	 to	 calculate	 the	corrections,	 the	algorithms	might	also	differ.	Are	all	
service	providers	equal	 in	 correlation	 times	or	are	 there	any	differences?	Do	 the	MAC	
and	VRS	principles	offer	the	same	correlation	times?	
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Appendix	I:	Matlab	code	work	flow	for	data	filtering	
The	Matlab	 code	 used	 for	 the	 data	 filtering	 is	 described	 on	 the	 next	 page	 in	 terms	 of	
what	 operations	 being	 performed.	 For	 clarification	 purposes	 a	 flowchart	 is	 utilized	 to	
make	the	operations	more	accessible	and	easier	to	grasp.	
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Appendix	 II:	 Brief	 correlation	 study	 conducted	 by	 Clas-Göran	
Persson	
Below	 are	 the	 results	 from	 the	 quick	 correlation	 analysis	 performed	 by	 Clas-Göran	
Persson;	 the	 different	 graphs	 show	 the	 correlation	 length	 for	 each	 coordinate	
component.	The	correlation	length	is	given	by	the	X-value	of	graph	when	it	crosses	the	
value	zero	on	the	Y-axis.	
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