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Abstract

Achieving instangaddecws &t orbtaidmeNtarve gat i on Sa:
( GNSmBY lctoinst el | dtrieqmu.enmy | tPir eci & PWRiptaimbti gRia & iyt i
resol uti dmcwilt mawwtmssn tgantiifanc amase hal |l enges due
refracandnhar Olvias er @eoe saed®PPPr edqgwecease Yarnk t ati on
t hBeei 2ouand -B@N DD uc on sctledclka ttieornnssnait m i éoh manmtiectism @ n
the uncombined Detooml ¢édi €1 ec k o Mopdaesidirrssepmean t f r €
Bei BBcawnst eRrloactesosni ng of gesdaoevt ilhesoam egdadstralimemmit 8 g
errroecsuce®M( bn200m 8 cm aIHWH(fimo2@d) 8 cmf oo LI @aftt ma
f i xed sroelsuptei.cétmisv ehleyr mor e, this reseaddeehpoicrhvest
PPBol utdiedrvi ng into potentioadli seausads os YSMNRas
mul ti pat hetanAdd dni opri soencadl mpyd, e alt wsit @ Hot-edqUarmgds
met hod is employed to det edttchanddje cozll ladwidal g lee@ s o
signal, sa&meondget haasr obeer,whlaibd¢ e iimanlospexeric refra

pseudorudrngeaitdgni figanittliyonimpacdgol uti on.
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1l ntroducti on

Gl obal Navigat sOo@GNSavhead d e ft ien &y stheeansur ement a
of fering unprecedented accuraay wadede GHBHabiolfi
const edsluactifis BéBssGL ONAS S, Gal i-hee, pamuHtBieqm@®ency
sighahs have enabled more(Hobeetlndaeamdhodgr.eedi sad .
One of the moste o oemi sli migt atplpeveachi gnal s i s P
which all owsé dweal caemndurmeay formplmo kmalsi sngd lee rwicte
necessity for(EZombeér peas.etPsPaFa tmaokheSs9c7u)se s &t el | i
and clock (Koubact& oH®s oiunx , c 02m0j Qo) Ef trieoqruency GNS

obser wat ireenduc & esm@aimpresguantd es i nspositioning sc

Whil e PPP achieves satisfactory performance,

ambiguities and atboagncbhygbrege mwesdtyyrme T Thits it

applications requi-rmsaiganmanaeantanceeous| 0. nRac e
technol ogy, e scpoencsitael lllyat ff mra q menldt Mo ndt detnabr uc k et
201 7 )hpavweelde wadp etrdwarmance i mprovements that w

and more accpupaogsagieblseo Ltuhu oin@gmMB&®PPRONLByged- dual

frequermanyd BRP&quency Galileo to re€bvelvePPRsS$aht
using gl obal corrections. They concluded that
strengthening the geometry, and the use of mu

resolution perfor mamcea.n Thoa rr esalilat hfirtshrd icamdet idtdd



ot her constellations broadcasting at mul ti pl

pr oc eas swenegko fwod atha | fellc@3 dst ati ons gl obally.

Il n an aé¢ltiermpmat eoal p o0 sciotnivoerr geIlGen ig o redes, a |l . |
focused on acbhegeingodeti mei ngev@d be.€220t2alhn c e
devel oped t hsey sumeekftoiEgmanh ¢y uncorlpiorcend tROP Pa cshii
i nstant anerctuesv ed e npt,absm ¢tti winit inogl tudsed orne gi on al at mo
correwhiohsis not t Ibecfaaucswes tdfe tahims itshd i snake
without any .Addciatl i onpesef belr ggmecnet smahdtetr e calntplegpu i t vy
resol g ARWwent hodsf itxklei cghehrarsieerambi gui ti es tthawst hei
i mproving the precCaliloinn ;fGetP Rl .@ldd @A 028h0eBs s e et

20009)

Despite these advancements with thel éwelus o
positioning without the use of raemmaMiermasat emaht ¢
errors, particul anbyared oamt Mmud g h eraitichn teif of deucet és a o w

and other prolml emnsnpirwbnti skeEsut vy TohlusPPRPs ek absi o0

to address themghashibzilnrgnges sbandi ng, Il nvesti
outliewisbuncasfrrobqudn-GHIEPR I ftriamewor k that wi
consistent, i nsltawnelane ol it ncdeanpt el rydeetnetr of | oc al

augmentati on.

1. Probl em Statement

Achi evi ng jcnesntta-hnecaterbeo asnuu-daaygt erourldttrieqmu ency

( MCMPJy eci se Poi ntamP o gtetstog nuitn go nwirtehmai ns a ¢ om



t hat depends on a set of whithcalechact pseudb
mul tipat unamred mmnmiese he meesusemanibsChCASgSwa i etg
al20L4)muladcomaiten signal s meffloeect refaftheomgi a&a des |
Th ohenomenon resul tsbeiimmgtérl eddg eat It &scstgenda | o n
Consequesnée!l yefl eicriterdodsuicgenadrsror s i n both pset
me as ur ePseenutdso.r angeasmeurlitausaltyh af f ect positioni:t
mert¢ e wealriolri.ev(2 @ 2f0darlt.her sempbapirodl emmudnd pradg o
propagat-¢ owt e duwi obrae mtn es iogfn iefhi scoammtante fpir glci si on

navigation applications. Their study identifi e
to generate signifi cmeads urnenoennstiss,t emak iersg iint Gad\

reliable positioning solution.

Il n addition to omuheri paeb mnes$ friedidwidie o, al so
introdaecef the most formi dabit®r c BRaetflreancgteiso nt of r
the Earth's atmosphere changes t hesipgrnoap asg a tciaours
i naccuracies in positioning that may persi st
applKoed.et abtdr é266f8)whesei asmesphesriigm ad fsf ecatus
errors to the overall acceurrbocrgsught pabout obyde
condi t igurnwaerairtebt eexampl ar actihsgicbapuasielaywc hanges
at mospheric faondietri mmismpd & aitan ¢ 0 Mmeéu ctoirmg cnt @ aln s
problematic are tropospheric del ays,rewhen eien
humi di tvy, and prepesede médaddewadnasdgmagldel i ng f

compensation.



Theeeriomnsroduce positioning mattHatts ac¢ hifeiwitr
consi stentt,i meelcienbthM emertpears i ti oni ng. The presen:
t he opreaildiadrs,0 bsetogptvieemenc e atthhemer eeqoui red prr
Understanding and mitigating itdeaenti mpurcde ®edr cthh

explore methodsR.to i mprove PPP

1. ZThesi s Satnadt eSpeehctiefcitc v es

The aim of this thmaHsieigumeindMESSRFRRRY s oada ut 0ba:
thptodmoes consi stent, rérytedntporseaduone eyt iwnd tr

|l ocal augmentation.

Speci ftihe sl Ithhesi s ai ms to:

T Understand and investigate thecocasselk!| atfi c
mu Htrieque ARy e@®fhoch processing solution

1T Devel op techniques for detecting causes (
centritneevtel accwuirmey in real

1T Lay the groundwork for future work focused

PPP s oleutfioomanc e

I n addressing the multifaceted natsorfe tokfe tPhPePs
AR syarasemi evberdi nagndpr ocessiomg i &t ®£tne pcield bi-aneett a n e

|l evel i@&@a@cupraaccti cal applications.



1. Noveandy Significance

The novelty of this thesis nigs aindodisadecd cam sSwLrsc

of out | i ecrosnsit el Imatrittaqru,e nmy | tPIPP sol utions tha
posi tiareintg mettre | evel accuracy without the wu
wi || push t RAeRpleir miotheya ni€retRRYRF at i ng advanced te
gl obal i A fnrdaespternudcetnutr es ol ut i on.

| mproving positiaoniencgt epdelr f io,padimg emasfpact icon
hsaa +H@maching significance, of fering benefits
applications benefi't from [Emxeaawmpd egsepoadseistlyiuaaen ch
surveying, where the reduced dependpneei ®hoho
GNSlbased surveys more flexible in remote or |
navigati onsaopplreooatsitooonsomous vehicles, wild.l b
accuracy positioning without the nedednef cGNSISoc
solutions have the potenti al to provide <cons:s
observing a wide range of natur al hazards, cl

t ceonstofairngfsocal ngugmentati on systems.

1. 4The®utsl i ne

Chapter 2 provides a cmpamirteiheemisng eanmdkye cecumr od
GNSBosi ttiemhmiggurebat hekbudéesfietrieonmhinrdgd RESESISe
ki nehhRTiIKINet wo)&n&®RTRreci se Hhist tPhesii tsi @mni mar i
PPP, det &i loibsger vati on equations and common ¢

Addi t icoanuwasldsy,and mitigati on ,vwHi cnhe aisrualeuteent s atre



error s, satellite cl,ed,larer rrcervs,ewatdmo Apntba rgiud t
di scuwisteélel¢c oupl ed ddICdcakn dmassqgtd ar(es AMBi guity De
Adj ustLmeuBtDAX pl ai ned. Theamhapyesiedfd rmtAREN@d h

mul tiple constellations and multiple frequenc

Chapter 3i mprasvsememnins f oapmmeeinces wothkea re:
previous wor k, I'ts advancémesesvaprWw meti ool o
foll owed by a detailed descripti goinncolhigdtene | i
separati orR ocafnd3hBeDISBDODE terms in the design mat
guadrupl e frequeneldy. DIhM ncondaeplt efcoormpBalrd s desofi t

frame current and previous wor Kks.

Chapter 4 omomsdt istiugtoe & litchaend f b & dibeyp s dhckdsri esssilng
out | i @mu kctoinrs taenu Hattie g oMM PRR sol uti on. A new s
are processkefdpoohamaepechto avoid filtering o
outliers as the eposhainecnepsesebbrhphbEdecadyspg
is presented and | ater-byahatinoemsvagatt obDmiosf i ¢
analiyssoi sassddg etrise thitabhrseo@st uodleelct ed karedgen :
and bad per f.orFminmag | gyt attihcensdet er miwhaitciho ni nocfl utd
SNR, pseudorange maltteil pattle andi biol isty and g
measurements and measurement redundancy are d

i ohapter 5.

Chapter Ibc osrtraerltast iwoont anal ysi s thadr den es onu me «
described i n chapter 4 contribute to outliers

of the errors on theaopia@esx amhomnanntge r ppecrt fi cornma nbceet

6



potential err or osuotulriceer si.ntDewea ctto taon cuanucsleear c G
analtylse sprinci pal (BOGMpeccrhenn tq uaen aMi-st ghu aH oet de | nhei t nhgodc
empl oyed with the aim of identifying which da

the outliers.

Finally, Chapttéeres6 sc dryclswdnenartilze ng t he key

chapters and suggests rreechommendations for fut



2GNSS Positioning Techni c

Error s

Gl obal Navigati on spahéeelclonmee tShyes teesnsse n(tANaSIS f o |
positioning, navigation, prectiismi ngppc@PMD)N < ear
wide rappéi oAdst itomes. need for accurate and rel
essentmaede¢rtdhom ndar ipooussi tANOSNS ng techniques and t
effectTliemestsapter provides a comprehensive r ¢
GNSositioning technigues and the various sou

di verse environment s.
2. IGNSSoncepts and PPP

Satelliter nghvhgtaheed odhervoerh op ment of t he )Gl obal
by the United States Depa(Pmeki nebonD&lf SpwaKkien .
i ni tiinaglemn@leadmy | f oarcy v defir@aensowed t o use it to t
with an accuupr atcoy tlecssyg lotfb-ErBelrsip e GRBe operati on
24 sabelFhnged i n o# osrabtietld i, mlc® mpéhseg pl aneer of
(Kaplan & Hégadtowbsod@@®a)s § ul ,i noptl eemre nntaattii ooms i r
own satellite NAkegaRu oM asy sRedesr@lOboanl n a e a ¢
NAvi gatsionnaya SPOGLONASSprya BShstkembeéclamnB f ul
(Revnivykh.Satmidlar,| y20%*/h)e European Union | aunc

depl oyed ibne c20nd Snogp efnuatliyo n a l in 2016. China al



Navigation Satellite System (BDS), wki cahndst ar
attained gl obal3 donvietr@adEk dwuvell Bhdsent si gmioimy oa t
shift aways dloeoinyG&layridnsg a mor e roblhiestcamupadi viel
of these systems i mproves accuracy andineliahb
manayppl i cations from civilian navigatiKapl|l@ao sc

& Hegarty, 2006)

GNSsRGPS GLONASS, Gal Jolpeeor agared bBeiulDsoiung net wor
transmit signalEarth. rAttRbE8&egmabaurpg@i red to e
recepovse ftEnogne, EXa2Zh) sat etlhhe ttei nber otahdea assithgsnt & e elw a s
receiver emhemnmerilisedaed mi ne t Tkesaeéedeitesr mpnerst
t htei me t he signal ar r isvaetsealmlidin ttehpee nrdeecnetilvye rf ofrr oer
This estimategdedotagglell yt kened nst wrea each satel
receciavlelred the pseudoramgasuWetlb phenpspbdobpétn
applie@edesti mate position (anadt idtikeded Mi ko ag i&t WEda

2011)

GNSS positioning techniques can be broadly
positioning. Point positioning, such as the Si
globally for civilian wuserrsteevtel ndcregmes g cyaIydHi
Parkinson & . Bl atkieve AOLIBGYI oni ng, which incl
GNSS ( DGNSIS)me HKeaalemati c (RTK), and Networ k RT
the-meuler or centimeter | evel by using measur e
whi c hf ispalcliy offers Standard Positioning Ser v,

(PPS), the Il atter being restric(&€dptanmi&l Hegan



2006NSS as a whole supports a wider range of
techniques is PPP, the foaasupbpbhcyhgbobhbkspesi:t
the need for a reference staomiomgntewlomikqudhe

accuracy requirements, application needs, and
2. 1R&l ative Positioning

Rel ative positiontiogdeseramitreec hinhegupr eiciesde |
respect to anactohrareaxpeidsiemt Tah ante airsbyt o eéehamnce
user measurement s, i mproving .Rdéileataicvaur@aeyi toifo
transformed -bnbobm t®NIMINIJGHS onrb ass ediimegel &€ echni qu
area aug(nmRingmatihdmu 2dRé )6 b neu kEhtaisatiincmr eased t he
sat edvaiteesbtl ee hamisneprr camedd o v e rRad rl msp eor ff orrentaantciev. e
include Dif{O&O&GCaSS)RIMBEHKIShemandec NERWKHY k RTK (

al lwhafch ar e dfi alcluswssierg.ii o nt he

2. 1.0i.f1f e IGANIBtSI a l

The concept of DGNSS was first explored in
Gl obal PositidnbggtBestUe®. (BPpartmreanti odd Dglf @
coverage and accurate positiappngxl ihths mseggc ur ac
for civilian users due to the intentional deg
(Parkinson & Sphilskéeyveloo®d) accuracy was, insuff

whemer e preci waspoeigifpomidng es i tf i ies elDiGiR)ST a IGIP&|

was devised to el i minatther obubagi hareeeameti evnetri odniafl f edreeg
el i minates -conaste| sapg etdi( Elrleymer se.urTalke ,i dle9ad Owas t
stationary reference receiver at asilkgmawms .| ddee

10



errors, which included ionospheric and tropos

error s, could then be otfr aunnsknmiotwne dd dtsoivaigpnogngivte r t
correchi agresa | ti me. This differential correct
accuracy, reducing trlee a@amrdorn nt ¢ owietriefaGaead , &€ W e
al . ;Ha®o@dehl enhof ;Mitsraa .& EP@OEi RODOB &. Spi l ker

DGNSS can be i mplemented in various forms, i
wi de area DGNSS (WADGNSS) . LADGNSS typically

net work of stations to provide dboerdctrisonrwi
i mpl ement HDIGNSNSs wefr e devel oped for marine navi
marine radio beacons to transmit differential
and efficiency @©Ifeimak i emte \ilptehr at2ldebBgr owii mg ado
civilian sector s, DGNSS became more widespr e:
established a network of DGNSS reference sta
di fferenti al correcti onfsor oma rmptriadenvedrdriee smhcacfu r
et al .OQOn 2t0l0eB)ot her hand, WADGNSSs, such as t|
( WAASNoi hh Amenihea European Geostationary Navi i
use a network of reference stations spread oV
| arge regions and are especially wusefiwmlblien a
positioning oV dPrarkxtnsmni Ke SPNndRRBy , t h69GHVvVvent
by the Feder al Aviation Administration (FAA)
WAAS provided differenti al corrections over a
and was primaril y asiarhed yatofi raKragpwiarhg &tntele ggat y

The discontinuation of Selective Availability

11



i mproved the basélbirneiactumaacysefr sGPSeducing
applications. However, DGNSS continueldevtYe®l be

accuf heyni ssen & Montenbruck, 2017)

The accuracy of DGNSS depends on sever al f
reference station and the rover reseguals uUBe:
With the type of measurements wused in diffel
measur ememtods hotnlhye wuser sanltheicsopirguée dens-l dedb met
accubacguse of the noisy natuA¢tefr nblee apds gudod
approach whi-gta sues eme axsaurrameeant s t o smooth the
enhance the accuracy | evel s. Ahbtuesrendatiinv ecloyn,j utni
wi t h t hpeh acsaer enmeeanstusr t 0 a c h-i e wda cac u.a aTayg pereot ar ceh

relabhew RTK and NRTK work and is further di sc

The introduction of BEbGNsSeSd rpeovsoiltuitoi noinnigz ebdy N S
me t hodadc hiinrdgi gh ac c urraecqyu swigtnlgdutc an't changes to
i nfrastruoteurtye,, DAGNSST neechni ques -basedgedolotic

such as NRTK which would be detailed in the n

2.1 . Reali me KinehMatwer lanRT K

RTK technol ogy was developed in the | ate 1¢
DGNSS concept. Whil el &GANISSapcuwonvadye,d tmedree was
for even more precise positioning, foonsaruoutis
etAs sBTK, was designed to addrteisnse,t ickesav @ éneed
accuracy. The core idea -beasadm&®RI Kur esmgmtad tsg f |

rather than just the mwhewdhsedaesnhyg mMbhas DGARENt €
12



determine the posi-phane orme ashuer eurseenrt.s Caarrer i reu C |
pseudorange measurements,-chut etdthewnwtegqgui aenbr g
the unknown number of fulll waveeemfd hrsi sbseetnwesd
Montenbrut¢chk, a0 RT)K system, a base station wi
monitorsi gogMeBISs and -phbsel ambsgoiatrreser These a
the precise position of the base station, ar e
fieMfdnsmitting the ambiguitiesoofheheovefeten
own ambiguities gulihrekbyeandsasctuhasel nfor mat.i
measurements and genermanteseltacpospbgionk wetha

2015)

Whil e traditishbngh RTKscpearotyajidnetl ihmai t ati ons, e
the distance between the base station and the
the distance increases because errors, such a:t
corr ealsatdeéedst anceloi nmadrdegaessess t hese | i mitabyons,
ut i Inetiwiogr Kk op&t Beaatstibnagsl e (beamsksems t&atCdmwaeend 00 |

et al .T,hel®9 Weft wwnake stations are connected to

the data and generates correction information
net wWo@Gako & Shikemsceo20@®E@)hi oh include satellite o
bi ases, er moisptherpael ated i onospherarberomdictasop
to the user, allowing it to achieveihigheands|

ofh single (Rageosst 21002

Both RTK and Network RTK have signtbeqgantky

higohecisipoasIiGINIS&ni ng. RTK is commonly rmuesed in

13



|l evel accuracy is essential for mapping and cc¢

with its capability to provide precise positi
agriculture, enabling acamdat @ @uwitdamm® usf sfyas
drones -darnidvisnggl fcar s, where reliab(Mi sarnad & cEnug e

2006)The devel opment of Net work RTK has al so
RTK networks managed by government agenci es,
These net wotrikme oddbrereateiadn servieegraphiucease

eliminating the need for (#Herf sWetlol esnehto fu.pe tt haeli.

2. 1PRecise Point Positioning

Precise Point Positioning (PPP) enabl es use:]

single receiver, without (Thhe wvoeacfept afn&&PPbp
shape lial 819106 foll owing signi ftieccadhmto!l @ dy a nacnedr
availability of precise satellite opodbsiitt iaonndi ncg

was mainly achieved through differendbiasgledtect
reference stations. Whel eni ¢ faft e otnisy e estplees al me
scal e apwherceatdeopnlsoy i inigmppmua(®d unnehdwogrek seh e akey 1
br eaktthraotugeéhnabl ed the devel opment of PPP was
and clock corrections. These corrections, gen
Servicecdcd GriStvsar faou s errorsightesti muucBNIS s
i naccuraci es, satellitrefaclac®Bl omipps s hgandheasten
singl ereGNSSyer coulré¢acdl ezxeceracy meel i mi natin

referenckkosbat&oH®r oux, 2001)

14



There are numefots aatdov aFhFoPageogne of whi ch bei
computation burden and bandwi dth. rPBBRiredeaoets
computational | oad on the infrastriuedslryer dogyu e
updastaetde | | i t e c orar ercatjodornitsthy@ nplr doe 1ggi nGEGNSS t he
receicoat YRaATskk whoi ch frequently 4tameuilcares®camnadn!
f omm s aatnedl laittm@ephec trieoqrus raeemsd si gni fi cant r esol
areasa wietthwor k of mul tiple reference stations
requires a continuous and high b-andei dolhr eocmn
t hantre gemomrtaitntwo uesnlsyur e preci se and hP®P aacur
the bahey Ibandiddostens requi rement by using infreg
which are produced in every few minutes or e
efficient and ideal for remote ar®©aerawhkreth
reduced computati onal anma bkiatn dhwi gdht lhy - dedgauld ar lelmee, |
and f;ltexirelbegge supporting numerous users -simult

precision positioning globally.

PPP is considered a stiencgh reis ghiodi encstelpy g ist ing h ie n (
receiver in its operation. It is seen as an u,
to cenltevmeelt rpeosi ti oning. |t can achia&wia) htehi s a
useprogdci se products such as sadttéllel iutsee-paarhbsieta,r ra
measurements in addition t oaddiet iposneaud oe rarnogre n
mitigate ernowseoafrcesquedti adudh |l a®rspequéertct

sqgear or Kal yami «ddpet eeroong epoch information to

15



current epoch. The comba nPaPtPi csro | ouft itohne steo acvoennvuee

or tens of minutes odarmerlibyh axzdhadcwevaany. preci s

2.1.Q@bslervation Equations

I n GNS 8% he pri mary measur ements us-phdaser e 1

measurements. Fior aadghivoerne cferacégeddvinceye,e n is a s«

€, N}, the pseupdhoasaen goeb saenrdv actairan eequati ons car
0 ” ©wQ0 Q6 0 U 8Y wFp O Tk (2. 1)
B ” ©Q6 Qo6 0 0 8y _ 0 O0p O T 5 '

whebgeanBBy are the pseudeprhaansgee naenads uc & mein ¢ 1s r
expressed iisn tmed ressgmetric distancei dettlweeqnped

of Il ight Qoan@®oaraec utumeg receiver clock offset ar
ti mespedtivebyt he idedvwasipchheriisc t he rati o of fre
to the first fdreel@uyencgl cohat gletday cfi roemgpusigshcecey i ¢
the mapping function used totmap hteheareviet h i

of sight troposipshetriec sdiegmal,6s wavel e®@gdt h corr

is the integer ambigui nfyr dqiteulp@yndaf ef thke wavcel
and satellite ,Jrersheaitdawnddayree bri ecseisver and sat
phase,rbesapseecst | vaenfidyar enany remaining unmodel |l ec
form of multipath and noi-pleasfe rme gisea speseeeundt osred r
One thing that dipfhfaesree netqivuaattei so nt hfer oana rtrhieerp s e u
negative signdeftayrhme ainodn otshpeh eprriecsence of t he i

carrier phase equation.

16



Al | parameters in Equation (2.1) danmotr ame
deficiency of the system, as not al/l st-ates a
parameterize the equations by incorporating t

tbimit the number of estimated parameters.

2. 1.Com@mon combinati ons

To minimize errors and i mpr ovlei mecacru rcaocnyb ii ma ta
t he pseudor amlgaes eanmde acsaurrreineernt s at di fferent f

common combinations used in GNSS

|l onospheeeCombinati on

Traditional PPP hasrbeemombingtiomossphhehe w
el i mi natoer dtehre ifoinrosstphere del ay term, which is
in GKM&E&surement s. Thi s bgombinmbd tnii mrg  folbrscetrivaan s

di fferent frequenci €@an’do ntshied eirformenes pfbreengeu enmact ii €

expressed as:

(2.2)

whebeg anll are hbhepfimee pseudor prhaeseamcdmbanat
respecQanviealrye, the first and second frequenci e:¢
(2.1) and (Rer2head tt tcoud dmlbite actliionei | nyaotud dt he i o
state term by cancelling out thkenianobpbere B

ot her parameters such as ambiguities are absc

17



(Kouba & H®r State20e@tms|l tmatomPt odpe noont etsh etnm aitn

bengbsorbed into other quantities. The simpl i/
the dual frequency case i s:

0r 7 ©®QO6 Q0 O 8Y 7 ( 2

B v 7 @QO0 Qo 0 8Y _0 T '

Ge o meftrrege Combi nati on

Il n this type of combination, the geometric p
ionosdbkeaphhase wind up and instrumental del ay
dependent effects, mulTthiipsa tcho nmabni dn an ei aosms ntheem epnst t
i n t hephcaasrer inrkerasur ements and estimate time i on:
det eofciyrd eBlsé WipsdDmp | oyed t-heegeoommbiryati on t c
correct <cycdaer-psh a gpeslT Ment g@®Ine &€ r g 0 mba Inlkad@ & o nu sheads
significantl ystiundiseesvetroalesGNSBaMa&nnn thec(l Dnd)splh e
empl oyed theregeoommbirryati on t o adsat.i mMaties TEQG hford
the fundament al Cfi riamoh @O YIBalrcd -sn(ludliviearld t he
geométrey combination to der i venetalsa r BFm@& nfitismoom d

frequQac®est he ffeemecombi nati on can be express

B B B ( 3).

wherk i s t he -fgreecemet o pdbnthabngn.,ar e thephasaeri e

measurements for the first and second frequen

18



Wi dleane, -Naneownd -MgIlblb@oambei nati ons

The dweane (WL) combination is used te fTchring me
| onger wavel engt hsliisp edsesteencttiialn faonrd-lcaymcelief WNILT) y
combi nat iusred to creaskeomeaslueegemns s Wheé hcombi
from NL has a relatively | ower noissies elthhean t h
Mel boWg me¢ Ma&\o mbi nati on i s ubkedetameisguimay ediwi
combination provides ttwoe bveanmkef iatnsb.i gTuhiet yf ifrosrtmel
wavelength than the t wovhs epharl aetaedds meoa senrl eemen tn
spacin@g he second #Heamef ictombtimeatn amnesafs etmeet gs e
hel ps to reduce tMVW¥ inseassugdke memtr eivdlIsvee - ambi g

precisionFposps$eodonagmhgaes ea nnde acsaurrre neerQa rs@® on f r e

WL , NL and MW combinations can be expressed a

5 8 h 8 p

VU h

I'p 8 & 8 §

B R

5 . _B8h 8h B).

p Y h (3

v 8 F 8 n

l-’JJB h

whebDe, antd  are the NL combinations fpohrasthe
measur,r mesmptesDt j aell ys,ar e t he WL ¢ o npbsienuadtoiroannsg ef oal

car-phase measur ement7si s MepeoiWginkeepa aodbinat i
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2. Measur ement Error Sources

For PPP processing, there are sever dllsecorrec
corrections are commorutto aalel tpcesxaidttzidd diap g eco eal
Ot hcear r e ctiinocnlsudi ng csoartreelcltaigoen samatrrbtiesncalt nb gtu e s ,
they are cCreudrad bnr eeni RRPIPHPe mateipt &isleyme vy doasur fr
modeldabrivhed e ot her s neeesd itnoatheed ,e nepitrhiecalmayn u g
automatically from network prTohwei deopl e eleges di

most | mparsanft neertrhoocd ssnmd i gat e t hem.

2. 2Sat eOrlbikEtteor s

Satellite orbit errors refer stad el hatesar adihe
originate from sever al factor s, i ncluding gr a
(t Me@on Samdi, solar radiation pressur e, as wel |

propul sion system. As t hbey sgatoeulnldintaet lad ebtoebrsmian e
can result in noticeabl e positi onlhasleri ncaaclccuurlaac
satellite position usilThg olardoadda setp hepneaarmesr ii ss
to winethheseveratteHils te position c anagulnatte ¢ rforva
the required | evelreofsiacouanpplyi Eari dmghhecshk :
applicatweerei ber differencing can effectivel
satellitd foromilty er rsarnsg.l e receivyerceiveusdadiffas
canpdrf or Mdeér ef ore, broadcastged®@tPél rieseal dsbi 1 3
preciasel | ate oehipirecomd i M chr emor e apoumwzZattcdi ng
cm in precision using a global inepwosikbloé o a

much higher accuracy in this estimation by si

20



these stations and treating the satellite or
typically accurst ewhoch ¢ed nbe&meménattcaxotrrect.i
with the satel (Wabbebaoadrcapgrto wi2deddd $3i n Recei v

EXchange f(oRIhNaHX)s

2. 2S3t eClloierke or s

Satellite clock =errors represent a-b assiegdn i f i
positioning. After all, these errors are manif
of the satellites. Even the slitgtetmptit ede@vpasi t

as 1 nanosecond i n tpprionxg dartreeshryod © Ide esd pponrcees t it
parameters are bmaadgadti sandnebesm@&NISISYy used t
satellite clock errors for SPP. These par amet
satellite clock errors to around a few nanose
f or -phriegchi si on RPKI ocatNIRGKs at hadtevreed gquaareeu rt@seryt |
receiver differencing.lwhitchhe ccaanscee losf oPUPtP,t hsead e
generally mor e ibnepomersaned ivibfeecraeunscee snoexi st t o cC
Conseqpeetbyell ite clock corrections dmenm equi
the I nter n@dri win@d n @ENG®DE , pr opessedherediuse k.

correcftroearmaGbiemi t r egibchwealordaremrorode( Dow etenali.r

2009)
2. 2R81 at Efvfiesd ti
The relativistomeeWwfebot shenb&bbE8fFfehatof/i Eynt

has become relatively important due to speed
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gravitati asalcompbeediodEmr.t AT hree cenov eprr i mary r el ¢
GNSPositioning are time dilation and the grav
passes at fdorf febeearntverag eisn diafnfde rtehnatt ftrhainse se fof
experienced by the hsghéell rekbatihesvaldpostiynGl
time dilation introduces somsigmall thuumi nme a Gu |
frequenacry tstha fdt her hand predicts that <c¢cl ocks
(e,om. Earth's surface) than tHeyplwdodeldd ziohemaswue
|l ocatedapnuhEsdat mosphere, sahie¢hites! odbds tall
di fference can also slightly wvarlyn ttthee tciamien g f
these atmospheric effects are st rtomgmedetmough
magniitfudneot r emoveds.e Troe lgadtramveicste nfco a GINISYS r el at i
correcthensattel | ite cl acKlhdkastea clorraaeddad 0otn st @& r es
ti me f rporm otrhie vael oci ti es an(dAscdirbbyi,lt re2ldpie)le meind 5
applications such tdhe RTakne NRTKatowp PPPgEd cloutr ei

di fferemorm& T Kennd NBaKe sBhat GN8S conti nuous.l

and velocities, and update the corrections as
detailed models of satellite orbits and veloc
signalmis i s as adaurtatea neos ep o stshieblag.pl i cati ons

model ed orbit and velocity data to ensure t

conditions.
2. 21 6nos Predgaiyc

The iondeslpdsye roine of the most i mportant. error

The i onosphere i s @ottagcidmarmgde dt lpeardti mo €phdrhat
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medi um foirgrGa&ISS. That gmabss e & &in@hricleell sitprege\d e

t hrough t h&i ddoenllioasyphenm ke nt on asnidg ncaoln dfirte gounesn cayf
number of chargedopphtrel esuth #abhelsrol QR P,acus evr
typically correct for ionospheric delays usi n
modelkt he IBP&adcast i onospheric correction mo d
corrections with a tgygKiobhuchaclthrisg &@7emfr eeb odt c
not acceptable in applications requiring high
by the ionosphere becomes i mmen $alluyd Frreggditecned |
receivers can directly estimate the i onospher.|
received on two Whiffeeremér d ragqeemodess to co
i onospherkl obsyucchhahrays ar e generally not preci s
Therefohe usual strategies ared raictth ern thm re staic
part of t HRe nPgPfPe imoplt@luarli.c,h exGlel), &t Brnitveatplod 220 5
i onosmpeferrdactoimmm dense network of nearby stat.i
user as (cBhamwicltlieomnest al ., 2014)

2. 2Tbopospheric Del ays

Tropospheric delay is consideregosnei @onitnige
is caused by whhiec hs lioswiansg ae frfeestublatt otfa kcehsa npgl ea cien

(7))

(¢

ignals after passingthédrbogbstalahes o0fopberg
onospheric delay, which depenshd | o lGNifSaieuen s

guallhley.tropospheric delay can be decomposed i

compri s@AD%rodunche total zenith tropospheric d

up

about 10% of the tOH@pf izelBe ,thhédgQ diDpwrspdretr i cr
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the refractive properties of the troposphere,
factors of temperature, pressure, and humidit)
by employing (SaastamdiHhmemfeil &l9d7,8vhli9c6h9 )cal cul at e
with respect to atmospheric condition and sat.
f ewetobsaccuracy, t hoapgohort hfiosr mhaiyg hs tpisriuelcch bsel so n
RTK or INNRTKrgli si on tedtthrei gvieds cloimgeohRRRuUl t t o
it dependsf amtonrgs ,otchrert he | ocal water vapour.
be estimated in the PPP model. The wet <compon

Both component tshceernd i amettirma tl eeds etl a

2. 2S6at el |Retcee iHAred wRerlea y s

Satellite and receiver hardware delays com
components cftéhlkitGNsSSand receiver s, along w
processing. These can potentially inthatace e

switaprefaoseti oni.ngSaitnel GN3S hardware del ays ¢
processrienrganasnndi ssi on of signal by onboard el e
por ti oensse oafr etohtesid @ In tthher o0QNSASSU pc B cal i brati on,
can rsetmainad must be corrected for high precisi
del ays are wusually esti mat edi annCim gpurpo vDied eady st o T
corrections, Differenti al CodespBcasi ¢ DSBpnal
(OSB) coCoece¢ilieweelsw,err hardware del ays are caus
the GNg®als while processing within dtihfef eurseenrt’
channels of the same receiver, c abayasaatidcedl|i 4 tff ed

posigdlont iesmpecially in systems usimnmdel|layadse me
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typicahsyderedinegl itdielslee errors are within t
However, i n the cases of RTKyc cNIRTake,y amsd rRRjR, I

del ays ar e gnomaniddhamuesd e compensat ed.

2. 2S3t el |IRetcee AmMe@d Conr ecti ons

Antenna corcesdaemopmeasarbonh satellite and r ec
and electrical characterisgiigmsalt hme¢ a scuarne meenstusl
predominantly due to changes in the phase cent

signals as a functi oMhewmf esitg malt ear wii v &l adigrl eod
orbits tend toanmtederatisoe tthife madzel | Thereast el | |
the apparent point isBigpatei Br emiemaoritidrieget luese@is
must correct for the | ever arm between the sa
However, t hiess mphoas e i xeerdt but varies with the

phaser escaernitati ons (PCV) . | f uncorrected, such
positioning siohufphenj seepeapalligati ons such a
Aki mn httosatellite amtfermanas,c etinvodrpflaaddesdnaeandi s a n

dependiimg oinrecti on ofi gReteince®mi hgc &NIS&ns us

poionithe amaleAmetdenna Ref erence Point (ARP), ther
|l evel arm between the receiverl Amn$ RMPrmaalmRihiecasdea
errors are generally within the noise -of acc

precision applications$ heut lewalsat@Bsfbkio t NRTHKe wat ¢
receiver ends are provided throughScftimi els ed alal

2016awhich are updated on a regular basis bec
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The ombgmidédndteemonfa corrections is a few centi

uncertainty is only a few centimetres.
2. 2C8r rHhadWe nuUp

Carqpihaseumwisnd &SpEPLhénoememdh ecti ng phase mea

for precise positioning. |t ddpemdanidn itnlge sradl
receiving antenna, such that the polarization
GNS&re circularly polarized, any relative rot

results in shiftingotohe exchegdganmmthies camgMmMampos; ti
errlomsSPP, -phees euapritmsemadd yof concern since thi
based on pseudorange measurements. Howayeri s i
used to achie@ecweuraent iimetP P P,carRpikears @a-a gpvi &Ry K,
introduce signi friecaa deirea Oeuspyiwrhge nc ournrceocrt ed f or
this relative orientation between the satell]
the phase s-bpftrdmet he( We aatu r.a@lntenn ttsl®io yway, th
phase measurements <correctly represent t he t

typical magnphaseswomdhnoanti ¢éo a few deci metr e
2.2S6lid Earth Tides

SolEaedt h ti des occurs when t heSugr awidtuactei can ablu
and sqoafethegEart h'hBeca®uehf atedtadtdevet d o these sp
ef feefctt he soliisgd \errttihc atli deersd hori zont al peri o
severalredandmeat freweespperti @Geréyal |l vy, these di s

homogeneous; t h@ & o fdregppemidc ad n ptolsa ti on -8fin an o
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geometlrry SPP, the effect of solid Earth tides

without Isyingpardgc camacy. Heawecwe ra,cayp pGINNScSghi ons s

PPP, RTK, and NRTK, even these small displ acen
to reachaceoMasmpgt @NM$SA processing software i nc
Earth tides. These models, examples of which

Rotation and Reference Systems Service (I ERS)

funct ihen obfsetrver's | ocati on, ti me ofPethister & a
Luzum,. 2T0he&se model s provide achgerewxcdti iomrss atp@ | ri

effects of the solid Earth tides.

2.20t6an Loading

Ocean Iredeéirsgto the deéfscrmumat ircemsudfti nlyge fE a@mt
weight. Due to the rise and f al li npfarttthser oe e@am
t he Earth's surface, further causing peri od
di spl aceenseeretf ©r snddd brct méES8rements for stati
coassalnidn ¢ h eoruebfdo rceonssh dered i n highly accurate
fall with the gMaontSandomaald pwlilks of sehand f al
amounts of water on the surface of the Earth.
our Earth due to the redistribution of mass,
known utce idred or mati onrepbaved drewthhbenheomagtit omf
tides. This effect is | arger for coastal sites
| oading effects in SPP are normally small , an:¢
on positioning haicgehue caicsyi. o -oa p GNiScSat asn ®PPh o RE §

NRTK, wuncorrecteaedsiegreiafni d a@adi@agpert sr meTlyiss at i on
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that @#wmasméames and where the ocedat d oprda cnegs sel
software incorporates ocean | oading model s t
pressure due to ocean tides. For example, sucl
other related services dydusangl data &Frobommet dy
effects at any spe8chercndaoklatel @pprleadn ¢ tderidened i s p

applied as corrodcteirovrag itommst,hde heMNd»Y mi tigatin

Tabl e 2.1 summari zes t he measur ement error
encountered in GNSSS positioning and highligh
their i mpact on preci(sMispasi& i Grgegni2PaRdn c &

Montenbruck, 2017)

Tab2le Numeri cal summary of GNSS measurements

mi tigation strategies

Error Source Magni tude Ran(Mitigation

Satellite Orbitlil0 ¢cm (PPP),Precise e
(SPPP) r etaill me corr

Satellite Clockli3 ns 30 c¢cm) Precise cl

clock model
Relativistic Ef~ 2.5 ¢cm (orbiModell ed

relati visti

equations
l onospheric DelUp to tens of Dudlrequenc

l onospheri
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Tropospheric DeUp to 2.5 m (:Tropospheri

estimati on

Satellite and Few centimetrCalibrati ol
Del ays estimati on
Satellite AnterFew millimetr(Antenna p h

correction:
Car+ihas e-Uwi nd Up to a few ctcCorrected

pol ari zati
Solid Earth TicUp to 30 c¢cm Model | ed \

correction
Ocean Loading Up to 5 cm Model | ed W

tide | oadi.

2. LeodkeMul-Goinst e| IMutlifraenqu e PPYAMbi guRe ol uti on

Perf or mance

The developmemtr eendGNSGecades has Dbeetnher evc
GLONASS, LaBeil Bouy, constellations have- been
constellation enviroanmexnitde malwl  aptqgrbermgtylydrh otdl
growing number of GNSS users around the worl d
ever bGdor& ShMeomit eh®0 2 c k.Faitr tshler mo2®1L,8a)hese de
not only beneficiaries for general navigati or
precision geodetic applications. An even mor e

frequency sigmaéaclkemahathegefcengsecehbldBWNSSsS . |
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betitemospheersitci mardrecareduces mul tipath effects,
resolution: det er mi nat i opnh aosfe tchyec |ienst ebgeetrw eneunm bt
the receiver. Ambiguity resolutiofhemglctumacyr i
required in geodeticPRpPpPhacat&obhacGapetéeublBod

2012)

Traditional #P®PRquelrsidggsn@?rs dtuhadt are usually
time translate into |l onger convergence ti mes
environments. Thi s itnrtendd dhcassuchifmbit ppeédtwguok nimlgé
GNSS whereby there is a radical increase in th
redundancy parsd,t iaoan swdh,t i ofdidnitarrcedt atrieo & led e ch bfl
convergence times and more accur dtienes @alpptl i cmag ,
too, where ambiguity res@O@Taunions areed sKiLaad dlea ri c

et al., 2014)

Ambi guity (rAeRgal utthiiosn geodeasttied | ahtriesgiu,e nmy | tRAP
framework represents taecqghunaonltougry .| eTaapki hngr aGMN & §
capabilities, PPP wi Irleacbceu ralclye itho aprsovgindief i caa

feature that would make the techni gudspossbhl

summari zes t he | i tgeroateu rceo nreetvierhd Watt reeqgonaersidkyn gP P P
performancessergeloenmamt s that add to increased
measurements i n etnhviisr candnveanntc.ed GNSS
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2. 3Afhbi guity Resol ution

Ambiguity resolution is ong partheumastyi mpo
precision results as required in geodetic app
the proper integer number of <cycles Ipdtaween s
ambiguity. Hamrecse, utthe nprodcitsheese ambi guieti es i
l evel accuracy in PPP. Vari ous approaches hayv
di fferent methods for ambiguity resolution, a
Overmbl guaty resolution has been on an evol ut
of GNSISni ti al met hods concentrated on relatiyv
ambiguities could bEHowesiet lvewdhdyadivdrhterehcPRB
one reaeaceadcelmelr, enge was posed. Since differencin

met hods had to be #ewveleccpead eoranmsba wauh tt ya frteesrol u

There are three appr oepahcahsees aonib irgeusiotlivei sn go ft hae
include the FrmRCB) onlant €yeld eR8B8c¢asvsen(y CIl ock (1F
Mo d el (@CM(20818nom the German Research Center
devel oped the FCB. They estimated the hardwar
ambiguities and apestyi mast ed Bemlti gg@iDdiéed mmmmdi s er
Jet Propul sion Laboratory al so devell oaped fFrCBm
arcs in global sol uti oA aared -dfodirbneeede nxheass e elt iweese
and sLawouroohgsGEHIr)®tm dlhe Centre Na(CoiE&)med o Et u
outi t heRC. Wi th I R@net F€EBsamarewassi milated int
estimates of the netlwam«k BEOButobne atwido g ie a gw

process tanktixanmbdldlein@00Braam t he Natur al Res
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devel oped the DCM by separating thephasgelli

obser vatsieopnasrad tlibavs f or t he esti mation of the

Al t hough all t he abtoov er d dnelevgeehmsiee waandh egsu i d ii M@
di ffer in methodol ogies and aanpdp k ic elsustf aihts .i nlvhoel
i mmense infrasimecdatea andcesaling. While I RC
user side by embedding corrections within cl
complexity and dependence Om HUdbe€CuMc dtse malr gec K | per
robust andftdrd tethnf@ecdde dtyednodeconmubt | dtregqguenmyl
GNSSh®CM decoupl esoecnlaobclke emorroer sprteci se ambi g
i mproving PPBhaepéd @OmMaBilde.a comparison of t he
resolution models and concluded that t hey ar
TeuniaswKleodab@0dsdthudi ed t he relationship betwee
equi valence -inhxéetdeuseabi pgosutlyticomadtieghbya € s t hes mo d-
are related t hrQoungshi ttéeninesdvoamaagebCsplr ¢ hest edeb
f ocwseGM Bmbiguity reg<olnsttiedhd Ktrictegmelintciy PPP. F
t hin ess edairscchusses more about the technical detai

reliabi PPPysea&l thi an

2. 3.0ecloupl ed Clock Model

The research focuses on the i mplementation ¢
byYol |l i izZ0®&)TAe. choice of this model I's justif
a priori assumptions <concer ni-lnigk er etceerinvse r a rbd at
mi t i gBaetse,dd.e ¢ all ows solving ambiguity connect

integers i Mmbdedare@mliépwesdti gated tempor al vV a
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biases and showed that receiver biases can <c¢h

hour s. IWia nagd d@itt Zabo)m | vy zed h-awdbsbklomtaem@anges i n
bias i mpact ambiguity stability and positioni
ambiguities and then estimating them. The aut

st adbmbei gui ti es and, consequentl y-ARal Thws mbdel
based on the idea t-phbspsemedevaprmenandacar nbe

same degree of accuracy, as diofff emearsturelimemnk s ..

Thmodiebasoed t heo ©® $Sfprheee ec ombi nati on, and henc
MW combination must be used. Forming the MW c
and NL ambiguities and, consequentl vy, t heir
ambiguities through implicit di fferteaeci ngnpby
di fferencing results from the fact that recei
phase measurements shifts from the receiver ¢
Consequentl vy, al |l estvmated tdmilsieg wift itehse arreef el
i mplies that receiver biases are estimated r

di fferencing. A major advantage of the DCM ap

concer niwmrge tcdfe tntag bi ases, since they are con
Coll in20Z%®2ygralher devel oped the basic DCM to o
MW observabl e ilsanseplpiste uidnotdoa engaerprboen e meas ur e me
This refinement all ows for the estimation of
possibility of const Saamdarty0 tadnea | iyaras p her i ot a

of the ambiguities and the characteristics of

They concl uded outurheddo vtehre tth@GM i nt eger nature of
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demonstrated that the receiver phase clock 1is
aut hors further find the-wvaornwseagniinmMitsheameressia

estimate them as white noi se.

2. 3.leaxsqguares AMBiguity Decorrel &AtMedrmoAd jfwst

Ambi guity Resolution

The LAMBDA met hodol ogywipdebptd| pppepaebennsc
i nteger ambigucai-pisasvd tme aas UGINeSmde ¢ sn I (H&EHST)od U C
the LAMBDA technique is designed for seeking
to ambiguitie@ehase oOheercwmatriiens that represen
positioning techniques gsucliciad 9BP BNB®hIKK,e narad |

chall engeambngGNBE$H reserminbhtbe theeder numbe

t he epararsieerobservations. These ambiignt ¢dimeés mu
achihewdecuracy i n positi onsi nfgur tHwoewei vcebrmp ht ehcea ope
and biases present in the measurements. The

transforming the fl oat estimates of t he ambi

al gorithm.

Firsthe fl oat soluti on hofacugheeambohalet BHS S b 8
equations.cdmsoids Khéeawtt i @ambi gui ti es and their c¢
ambiguity statceontpegoifsset wbdi cbceiver positi on, C
covar iCnrec eosfo stthpeor t ant augmentations of the LAI
a decorrelation step. Ambiguities are often p
del eterious to the efficiency of an integer

dea rel at inmg itomanshfadr di mi ni s he sandmmicgeuietnya bil rets

34



much more compact search space and greatly en
searAkfht.er deelcorhel atrategy searches for t he 1
ambi gui tsitesitsehdyamanner awbedefferences bet ween
esti matdeds he possi bl e intthrgaudimqad arcass aa @&jsuns i inen
seagtcimpi gdfifyi ci ent as trheed udceecso rtrheel actoinopnl esxtietpy
Foll owing the identification of possible inte
aval i catriagdregy i n verifyi nmdiushiectiodngsri sat csta@ldkt i or
det emwriendher the integer solutiombesrhamade Dntsh a
a ratlifohe eisnt.eger wall u tgpiadonc epdausrsee,s tthheen t he amb
have bee®Wncesoheeambi guities at ke ¥f iuasreal wiii tt h tt
ot her falmbatgumary state terms and their covari a
a fixedThlhelfuitiiomgs e ezedtealvreet y e pld hiee ambi gui ti e

fixed.

N

.3ER2fects of Ambiguity Resolution on PPP sol

Precise point positioning has now seen ext

centi meter to deci meter accuracy | evel, espec

-}

avigation. However, the convergegbkeypdepeddal
the resolving -plhhapaabdi aBmbyguoifticas.ri Ambiguity re
ambiguity resolution, i mproves PPP perrhfacsremanc
measurements to thsei rt hoosr rtedcrltroiangt stohbal PRVRERR dien t
sol uAlioth. r elsebeerecnh conducted regarding ambiguit
PPP; pnfgudnudca ment al knowl edge concerning the we

of solutions, convergence time, and robustnes
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Ambiguity resolution directly | mpaepthsastehe ¢
ambi guities, -waliwed riemasitnamdcarld PPP, are conve
have shown that ambiguity res ol wtiiomserdhamc et
positi onath gdeecrirametse | in f heantriénBerelt oin fi xed
Ambiguity resol uti on Kionun bRAP R (2H@®B8t loduegmorvs tdrea tpeods i |
accuracy i mproved by nearly an order of magni
errors rangmd Wirtohm Wwenttoi A& cer racr $ nalfi caalt et bly5
I n cases of ambiguity r-8sndloutiizomthathdt s @indaldéy
Geng.(2®1a2)so reported that ambiguity resolutio

of a fewseciemARP PiRrtom s everiahf lddedeti .me t

Wit hout ambiguity resolution, one of the mo:
time to attain a highly actlupbpatessblbtutbant akl
mi nutes to some hours fTée€rviehe ama@d&nvigrugnesnuci et aobfl e
most of-cthei ¢ almeaupmpbleircgé@toiédinysaduct ed experi ment
observations and found that ambiguity resol ut
The convergence time for a float PPP sel ution
fixed sol uti oné gwalc haeadc wreandy meérnti |d2ddadd).ha nmEr0e n
recent study investigatedtiamdi BRPtyerfecommand®
mu FGNS&pproach consiGLIGNNAGSSgf GGR S | eo, and Bei D
results rewceabkt € hbfR innuaint PrPelPduce c o fl\vbe nngiearsc et
compared with t-GNSBR-fRaldad ati omnatlWtsiimh@ITeh ins 3i0s , I n
attributed to the enlarged number of satel |l it

ambiguities more efficiently.
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Il n summiairgui tay resolution greatly enhances

achievable accuracy, convergence ti me, and r
resolution have been demonstrated in numerous
constel | at-firoenq vaenndc ywuWN&Esced techniques | ike t

mu FGANSBP-RR have made PPP a f-prasdibdieon odppli ioma

require both accuracy and timeliness.

2. S3EBf edviiud t &fprd =t eld nadluilarFeped geu e | BBIPut i ons

The. GP®%as historically ¢t hevhfiicthstwascp e@reasti igonreall
essenti al PNT services. With higher demand f c

systems have been developed by other nations:

European Union, anhde BientDegr dtrioonn Chfi ntahe STe di v e
rapi dl yi nextpraendearly 2000s, with critioalki al |l ¢
oper attapanmill 1ty in 2016 and BieBMP@. aZhi eeti ngl g,
With the introduction of these ,nd&wecoensdtselalnatai
of wutilizing more satellites thereby increasi
geometry of the satellites in space for the wu

Ori gi natlrlayns i6PtSt ed si gnals on two frequenci e
respectivelya thifdeggBtBngglaomd the76KH45 Melen

i ntrowiuttkegher power transmi ssioofnisf eanus @eag g@d leic
i ni tdieaslilgyned t o br oadcast on four frequencies
tracking E5a + ES5AI tteorgreathiewe abBi nAdrtyBO@f f s et Ca
Zami npanmt®eauzni(@k2h)is a modul ation that deombaase

measurementGanokEseccandh&Egaeamativbs h thée RS L5

37



respectwiveb ¢ E5 Db, ES5,coamde sphpoagli7rgvi ¢ hs MHMHz ,1191.
and 1278. 75 MHz, respectivel y. Bei Dou has al
frequencies with satellites in Medium Earth O
| ncl i n®@ydncGeroonous Orbit-2(lgés@y.at Ehe tBesibl@uaidg:!
signals on thf2£eeBRbegqumendBi3esatB11561. 098 MHz,

MH z , respectivel y3. glehneerrmd weorn deais® obllerema ddceassitg n
frequencies in total (B1, B2a, B2b, RBR2A2 amd B3
L5 frequencies, respectivel ¥, B2k &8Rd bRB3 ngoian
MH z . GLONASS also transmits on multseglenhftequ
is differewmihstreeimpd odgammrgequency Division Mult.i
technihqueirresauddls satellite broadcasting on a
under modernization with newly |l aunched satel|
Access (CDMA)haftr @ gu e@rhcei essa;met t e chon gtueWiussteido by
altlhe frequencies that are being broadaast fr
di f feoreattet hat eowsgéssibeyg ai hte t hteh eatctoambtdilnoend f r
fregpemecyessing to an uncombihedmake peEasassme

wi & h mip éndlofd ¢ hlit mi t t he number of possible combi

The integration of multiple constellations ¢
by mprovi ng eadcuccurnagcyconver gence tTiomee |aathdon ganthea n «
et (2200 lBh)served a 42% reduction of horizont al p
were augmeahdd GLONGBSKoBamd®rag2lyall)so reported
mu lctoinst el | ati on PHRvetlt aacnceddh s e/ dosepmad wieesty re d

accuracyconstsdlnilgdteTloa ismpu@wvement i s attribute
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and increased redundancy for mmpeonnac&ed gabt en ai
err©Gorsvergence time is the period taken for PP
i n -riemé apgplhiecatoinoores.gence threshold may vary
Thesfeor -enoahstiel |l ati on PPP can noticeably reduc
Caan@a@01aB3gncl uded that ad oadigdPdg he LPCPNPA BsBodlauttad o n
reduction of the convergence time by as much
18 mi @Obsesvations in multiple frequencies bri
increase in the succeGesng d2felrae)p.oamieidgt hay we $ d
frequency PPP, the ambiguity fix rate increas:e
incorrect fixes andOdmpk(@®e eéodoarsdbud autte do nt h en teexgpre r
compar edoss hgl kbaatsieodn PEFRBEN EBP Pnud aliut i ons. Their
t hat ambiguity resolution was significantly
consteflThalte ohsccess rate of ambiguity-GPe&Ssol ut |

PPP to 98&NEBRP muHitlie the convergence time was

Combining sevesakl GANSSISons with tihanduss emade |
Precise Point Positioning sol ctoinanshbhamivhlgt mat e
i mprowemeatcuraoffpnvedgencenti mes, and a rise
make -enohs$ti el | aftrieognuenmyl tPIPP a trtulke@evmandciyngso
appli odt itohnes modeAsn nweotwel GAINIBS&lI ogy prol i feratior
i mprovements in receiver performance, signal

expected to drive even greater enhancements I
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3l mpr ovemebxtisstt ag MA RIF |

Soluti ons

PPP has been greatly advanced over the | ast
dat aARmed hods. Whereas early PPP solutions wer ¢
float solutions, recent studie®é&Rai med aerfatoae
i mpr ovement and convFkeorrgeamx@unptliepje aele.dlu(02 ®aAd)t h
integration of -3Garhd It teigu emaly Bseii Pomaul s, showing
constell ations enhances the success rate of a
moving PPP performance clroldye,r ett o daRilvKe (s2er2fGotr enth
use of Gdlrielgaa@e'ng yf isk®,n aclosn cflowdiPPg®P t hat util i zi
frequencies, particularly E1/E5/E6, results i
reduced to approxihimad et g mdrbs t9r amiersu ttelse plower
frequency channel s to I mprXowe teh & adrftfhiled@iOda@idvya na
the field by proposi-fnrge cau eurAdRyf | RRRIR enbdap p F b e s mu
phase delays (UPDs) to improve ambiguity resc
Bei Douf tegqpeémcy signal sappsrhooawehd stihganti fs camt &y
efficiency and enhances positioniQu eatc callr.a(czyQ
who devel oped-epo aghAroE RMe tshiondg | teh a t-c oinnstt eed rl aatt @ so nt
mu Htriequency GNSS dat a. By -leampel /ochya mego weambad g

resolution strategYdyeveehencauhiaeyedouantyhebdbtk e
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external at mospheric correcti othisme -phigdlht $ gbd i

positioning globally.

Thi s ohaxtisatrene f oundatanadrealel opse aardvlaenced t e
met hodol ogi es that will enhance the perfor man
on refining and extenkdangheambedyeseceaonged| §ori sh
enhancement of PPP accuracy and efficiency. T
PPP using the | at esdn dteevlellidotpiens wGENSSobyalhta mu bt iat t

results comparable to RTK solutions on a gl ob

The i nvesti gatpiaonms fiionmhel WDes oaurpled Cl ock Model
frequency mnenas uervdahernattsedundancy andusperdoltcienssi n
prevwowls The enhancemeamtist adddmessoft eear |l i er mo
robust and fl exi bl e s olecthiagmoannheornr crepsyiedghsee p o S
previous advancements and met hodol olgiimist,a tfioolnl:

and I mprmadcaenenamsd concludes with an evaluati or

3. 1Advancement of Decoupled Clock Model in PPP

Previresssarch rel atednasseenhanPPmRmpbethnt gadyva
extension of -theqD€Mc fcomrschiethtl iatteixa re hdaastoan.n sTuhri esd
more effedaatae pCGRHBBS sS0w¢efvm @nvper ev i kwdNavea rr i
(202BRover hi gwltihgghtex pansi onqoad#hhmelgd€NCctYy o madel

intensive redundsatnrcayt eagthd syrs i gt aa ngr ddhessi ng ar
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3. 1Egpansion of t he Decoupl adQu &€t o-B g £ gvuoednecly  (

Uncombined Model

The extension tovar uadrhwep |De cforugpd reedn cCyi oc k M
asignificant ni GpiS®e e Bheen ndguuelquency unc¢cbmoiugdd |
matrix transformation betweenbyYyembenedvhas( @0l B
designed to process two frequenciesbydNacrecen!i
2028i))th the aim of i mproving ambigNadcgndr esol
Bi sn@0Bd¥$ or mut bt e-fdrueag ulemacngb i ne dt caDiGMfprleeguency
uncombbDGMThe | atterr swasprasedioprimeeid atdieon ved fr
fundament al PPP o0bsetr vtat @ osnt aegiau aft a ro 1ii st esaynedxnn @yn s
uncombi nmad&ICM I n gener alhDeCMhies maa sedodnmn otnh @ f ¢
t he epararsieerand pseudorabhgeéetmgas er e nmemiatchochks
Decoupling the cl-phksel madsuteméehdathmsi whi th
originally by the pseudorangeseltbokgsafabeé!l pha
referenceasatgamnpet aady atmbiwhiiiahy tvlad uaembi gui
satellites wildl badaagloiugil ti Iny -pdhifaf sfteeh reenndcaapds.ie aird

measur e mewmitl Ic | perkmi t more accurate estimati on

clock errors fall into two cphage®rCoddcikngs euda
(20.08)

Thprevwowuls explained in detail the required
include a fourth frequency. This entailed an e

car-phase measurements &aorwitihetdmpunpdhedineiqrud nd

compl ex but accurate modeolhasEhenepseuemeange o
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frequency wer e i ntegrated i nto t he existing

measurements and tipdrasienmerapoar &@tmiemg scarri er

Op " Qo6 Qo6 10 0 8Y wp @ (3. 1)

Br ” © 06 Q6 0O 08 _ 0 65 6 i '

I n EquatbpanB(3arle ,t he fourth frequepnhcayseps eu
measurement s’ i § etstpecde vyrmetyri ¢ range begtiwvseen t |

the ratio of the s qQan® hoaft fnraepgsu et nhgeio af D g lysdi te W ér e
del@yo the foulQbanidoaaqguetnhcey. r ecei vecelro cdko deer rarrc
respedtisethe mapping function that is“Yused t
to thereaéekeVeitbeine of asnaghs thepbsphéehi ¢rdgl
phase ampamalateg.the receiver and satéejdnde co

6 are the sateiVéeteapthase biases, respectively

From t he bgNearciRwa2t3i)fomr iantetl &,c eteveercompl et e un.

four frequency DCM can be written as:

L0F 7 ©Q0 Qo 0 b 8Y @ i

»0F " ©Q6 Q6 0 0 8Y © T

w0r 7 QO Qo [0 O 8Y & '0O0p f

TR Gao Q6 [0 &Y & 00§ i (3. 2)
s 7 @ 6 Qo 0 0 8Y 0 & f

WEr " Oloe Qe 1O L 8Y _ 06 8 10 f

By v Olo Qo 1O 0D8Y _0 6 10 I

vBr 7 ®© 6 Q6 [ O O 8Y 0 & 10 f

wi t h

4 3



v do o _106 85 — Op Of

(4

v ® 0 — O of

1P

P99 _ 10 05 _ 10 0 i (I)ﬁ (:)ﬁ
1P

o — @ O _10 65 _10 05
’r

1‘10 — Wy Wy _ 70 Op _1 U0 0 p (3. 3)
I¥ 00 AT o O

1P

I’p od 5 o8

b O Op W Wi Wj

(4 , .

b 0] )] 70

I’y 0 0 10

(4 " .

Uy 0] §] 7 U

L 0 0 10

I n Equation (3.{21234Jlganflfaqeenkty mseadoiramnge
phase measurse ntemd sgeometri c range alhetdiws dtreh,é¢ he
speed ionf d iyMgahasuutnmhe rati o of frequencies bet we

n,

[

nd the wavel emBbhd datrelflriegeeaecryrecti ons fr
satellite ohkei satOohltihe <sdtoelkisi tansaddidel bit @s @ $
bi acelshe esti mated at mospheric dddlaatyo avhe cthh e
mapping Ofiusmcapmmini ed t o map wetl It oast hteh es liaonnto sdp hr
the firs®© fwhiqauhenicyy mappeeginemtcpegdelt.fivedmct o

receiver bi ases and cl bBockst hheseast ahe Cermsof

1 Qoanldoare the decoupledphasedoeargeeceand| oakisi
estimation of two receiver whbca@sgseéegluedaakd v o

to | osing thephdasteu mmef aosrulrlteanmrednatesum i n t hose
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recovered through sel ecti ng aambri gfud rtd recse saantd

them to arbitirmslye@ahnsgeuentallyu,est he datum on

phase measurements is set by the reference s
0O is the iwtidder eniced!l eambi guity for satellit
The differencing is done implicitly when cho
to manually difference measurements or ambig
7191 0,1 0, dndare the second, third and fourth

respectThwWel yhree st atreeltetrand amdcke taHdy rceeareti ai
receiver biases and of the reference satel]l|
consequences of the DCM and of t hne armpanigciintg
the reference satelliteds measurement equat:.
car-phase measurements on a specific frequenc
OOpan@®Opare firnggepuency pseudorange biases. Th
mu Htriegumemdeyarand from the fact thalktlhet cedest
bi ases on all freqguenci es. l ndeed, the firs
absorbed by the pseudorange receiver clock a
frequenciesodo rmeubtevestcmdeetddi aseaddi tional ¢

ot herwise shdwtup eisn diulaed spost

The new extension included Galileo'"s fourt
Gal il eo data to enhanamdatmee arl ®mws twn @ s cafr etf tud
and ambiguities of the new frequency in such &

t

t

o ambiguiTheregspbuondednDCM all ows for -fthe si

re,plapuch dfupplgauency measurements. The simultan
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among frequencies and constellations, wher e

furthers t he modbhelktter capalbi uit i pn of ambi gui
comprehensive for a variety -bfe®P®nappmodeal i O
amaj or fcrh@amgthe ol dande xfirsetpluegn cdyu arhodel s. It | ¢
provided by newliygnaaviasi |faobrl emoGNeSSaccur ate posit

insight into ambiguities.

3.1S8l uRedwndancy Analysis

Il n PPP, the management of r edmumaxdiadiezgje ess oo f
freedom for effective positioning. Previous w
the i mpact of adding multiple frequencies and

T ConsteDEeEpendantTh®t aatnead ysi s performed show:
vector in PPP models includes states of rec
i n use. Each constellation has its own set
make the moedeclonmpvemnwonddr eervd ®ames t his probl em
clock and bi as cparsa redelmaatrsadfmeolry ,e atcthus accou
scale differences and biases of various co

T Reference SatEd |l eftfee cSteil eelty oma n diueste leedaitn d a
one reference satellite $efFrelmcdame fi mpher act
because recei ver -deipaeshadsednata,mbcgonst ekebaofoa r
are set to arbitrary values to ensure con
reference satellite for each-rcedmstteal Isataitoen
were compensat edtifeosr obfy tthhee raenfibeirgeunice s at e

freemd are noftheregijwan cemal ysi-seltatad eids 4§ bhe s
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respect to clock and time delay biases amoi
accompl iasnfal y $tihse -2Bea b u-BeicObmst el | ati ons W
di fferentl yliwigt.hiTrhitsh e pmpadealch al |-opvedi foine
biases or to deploy separate reference sat
and reliability of the model can be kept w
T Redundancy and Delgtr eneass osfh oRwne etdhoamt:, despi t e
frequencies and consteshl at mbhar degrergtehd
degrees of freedom as t heomrolnwaesndacmiadv eRdP |
ensuring that ambiguities of the reference

compensate forr dlhet edktgtaatree cwedrvieabl es.

The redundancy atnlmatysiBethmpr oveed f DEM achi e
bet ween accamp@mlcegxpamydi ding a robeswttHhHr ammetwvdpk

frequencies and constellations without compro
3.1PBocessing Strategies

The prwovrikoausggd b btah2e7s & G SosfshtoamMFi giumrsvei t3he cr i t er i
of each station fsrugpgpwanoingdLONASE Geéegqu Sati ¢
frequentch e sdainldnreay®le i Dou satellites. Tabfle 3.1
each conussteedl |faotri otnhe processing. The ¢orfocemsi n
DOY 305 tao 3Wil,h 200Zler vati-sacadmd earnada ldli evc tdeedd a
t hrheoaur dh4 48 ditdar.reedat asets were processed i n t
was high enough to draw meaningf ul concl usi or
rel i althiébrPkPyP ewgs nesed t o NWowkPds engheapaeaisal | z

software package PPP developed at York Unive
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desi gneerfexcri shioghh GNSS data procgsaidegandgulppwr
GNSS datasets. Thecoenftwhl-ategqppomyuybGMGESt dat a
and incorporates advanced metkhoMobebhi ¢ ODCMsuch
provides improved amBPPgengyneesopporose. el¥or ki
dat aset s, making it suitabl ecdotr BBaxrncwdrndiapp
Both combined-f (eee@dmmdmgs pimedr euncombi ned PPP

enabling the ability to try new algorithms anc

Pr ocesspenrgf owansekdi nemati ¢ mode without assumi
stationsheoeaeapanded DCM i s esWwWalowaetsesd nggn waesa Idio:
uncombined PPP approach as r aw huansdei fnfeearseunrceentde n
processedTlsiespaapapredaych esti mates i onospheric d

ambi guity r eseoflruetgiucenn ciyn GNSeS nsucletniar i o .

Tab3le&sel ected frequencies for each constell ati

Constel Selected frequencies

GPS L1 (1575.42 MHz), L2 (1227.60 MF
GLONASSG1 (1602MHzG2ahd2k6MHz)

Gal il eoE1(1575.42 MHz), E5b (1207.140
(1278.75 MHz)
Bei Rou B12(1561.098 MHz), B2b (1207.140

Bei BBou B1C (1575.42 MHz) , B2a (1176. 45
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Leassgqguar es AMBi guity Decorrel atbehaAd)j est mént (
was used for ambiguity resolution. By means o
and covariances of eac#t of ree qfulematyi owe raen du scean va
ambiguities. Then wédreesed fi xedipdmbi ggi ttihees st a
val i dat inorma thiaksrebde gou i t i es wer@6afiked &dod B&€iSdou
use the Code DivisiowhMluktitple ambecgus ti EEBMADT
fixed because it uses the Freqiahtg sBihki i cn
estimation parameters and strategies which we)

expanded DCM.
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Tab3l2Pr ocessing strategy of estimated paramet e

Parameters Strategy

Receiver coo Estimated with process noi:
Receiver ref | GS SI NEX positions
coordinates

Qoa ntdo Esti mated as white noise pi
1 0,7 0,91 6,,00pancEsti mated as white noise pi
‘0"0p

Tropospheric Dry: GMF model anf{ Komdbmpi 2@

We 't : estimated as a random

0. 05U®@m/
l onospheric Esti mated as white noise pi
Ambi guities Esti mated as constants on

El evati onf &n ¥x
Wei ghting st Elevation depegnédent weight.i

wi t hequal &a0d0010fm1 m for t
car-phasecasur ements, ebespgct
the el evadanmnham eamdeglter mi ned
based on a resi duwal iamwyd me:

analysis and set to 0.15 ai
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3.2Zimitami Bde3d DbaundhEBmigancement sPRM HBnhgei nYor k

I n the e¥iPPt iemgi Yicer kWMC MHh PR®Oatesssoamse | 1 mit at i
identi feispecmadtl v f o3 dlacondHl iiGgfveehmdBHOISbnmi t at i ol
modi filcaate olmesen done 3n tiomprmaviemme eB d sh@lo upteird o r
Key i mprovements made atre frcewyrrtels efnrteeqdu @ mc yt hper ¢
maki ng3 BtDiSe second constellation with a quadr
YorPkPP en@alniel eo b.eiTnhg st hiempftiocodeiligym3 WDSh t he r
of the gl obal constell dilony buwt aanbli gws t muc le s

convergence times.

3.2Handling Err8r€l ookBenDoumat-PBR BmBnghne the

One i mportant | i mitati oRrPPtPh atn ghianse b3seot lnaotd it cl
information is handled incorr eactdryr eicnt tsheep adreast
measur ement s -3b eatnwve2eBlDBB®S di fferent col umns, r
characteristics, the3 clsocwmkoti mfaommrdrhaetdi d m far csm pBl

BDS clockbea&immd elyawawd ed i nto the2samea&odbammnas

in Equation 3. 6.

From Equation 2.1 and ignoridcdglteeyhet sapesphdee
del ay term, satellite and receiver codereand p
equation becomes

o T
S o X B -

C2
j - {

(3.4)
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O anByare the pseuderhamsge nembcs uc@ameinés, t hespe
geometric range from the ssasethetepesd bbb t heg
Qoi s the clock taenrdm amfdrahe t beeipsenmndphasge ar

noi ses, respectively.

From EQRBuatitome dienscilgund imagt rti hxB e c E2o gakn dt eBrenmsD ofuo

anidgnoring that of GPSanvGhi@©@dNASS and Gal il eo,
— — — ® @ [l
11 - - I
T @ @ o0 (3.5)
e & & é e !
1l . . 1
g o T @ W %
Previously, thfeordmesd gaas:matri x was
— — — ® 71
11 - I
| — — — T (3 6)
' Iz = = = I '
e é & ée
1l . 1l
i T T % Ty

Merging BDSE2 Bp&ses a significant probl em i
ambiguity resolution since the two operate un
BD&, being the regional constelal atsi dRfaesi yisticeam
reg,i omas different clock biases ahd whintdhhmgi sch
gl obal constell at,CGoOONALAYSGalmtlpeuct.thgl ick @ cBP $ nf or
of the two systems combined into one column ¢

the two differemt stmodedeldalniggsi o ms.i nThirg &ct cal
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receiver c¢clock that will directly impact on tl

3 is used as a primalry mostrpbeaetbsetposhei sonli
mu kctoinst el l-Ategnemauy t PPP framewor k, eawh cons
column for climchk hienfdersrratni cera a mp x e, in -3 he ca:
being a gl obal constellation, mu s t have a <co

constellati pnsSLONABSaanGPGal-Bl ebocki daeat heedLB
with t-2hred Btb& i nmamn @ tnhceo rsroefcttwar e itmaeaentecbluyi a

given -By ®WwBBch significantl y ¢ 8PgPrPa dseosl uatmboing u i

Anot her ' i mitation is derived from the weigdg
measurement s. For the Bmpftop&ri hdondmahgoaf i thh
al |l t he Bei Dou meas-8r eame-B8tBDBer e c lgugdhigmgn B DS t W

respect to the measurements contr i bantde dcaflrid ne oc
Thl ewer waesi gohutr sued t o miti gat er etlhaet e dnpiascstu ebsr oc
above. This weighting approach asndergladhals gy
hence di minishes its role witdiinsatheglooketr al I at
it deserves full weight inahdeGRPPlIl ppnocésastcogt

be applied only to constell aphasnes a&ilkieg WGILIOINEAS

resolved within the current software. GLONASSES
Gal il eo, and Bei Dou, which introducephasdedi t i
ambiguities. For that reaspmmec iGLIONRA SBo s ist il ersis

t hveei ght for the GLOAMNAGBSSBvembenst wrnodimetnitesonst el | at
adapting the weighting strategy to redewce the

at full value, the gl obal accuracy of the PPP
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3. 21 hpacHannodflIEiIrmgnrfs Bed D@Iluoc k | o hPoorsmdbtiiiloamt i on of

PreciPOiO®n @nd Ambiguity Resolution

Tkei ncorrect handloalk ionf @D®ati ompolsad iangrdedtu

of pr ediORiaolnc u(ll at t3eaml yos oBD$%i ons. PDOP i s a pé

the satellite geometry quality, which once mo
solution. l deal l vy, as3 ashgludida lprracbvines e X Cavtov a h
especially when used in combination wi-8h ot he

clock information h&2, beee sombwaed woedh Bt
PDOP of -3omd yBBS® | uti on. This incorrect comput a
for -BD&Sr deteriorates i ts ivnapruoep e rh ecoacl écdupl oamip | ogrx
a deteriorated PPP solution i n itphreo vriedge €do nbsy wehL
3 for instance, in gl ofalci 6§Ccenarige & otuhtessired e¢photi o
PDOP valduddtimupgrtocess with preci sieown E£spmchaak
t her®i goirfeilciaanntc-82 s ngB8OSsolper-P BDISock data sepa
contribute to improving sat eslulbistegtulperdeheggt uyacwn
the PPP solution. -Fiagnlryey @Br 2c &hRids gr tulifear |tD& i o n
Swedem 19 DOY, ho2a4. dBhea 2vas processed in th
procenscsdet dien-WBPkengi ne. Aitgurhe .02 tiogm toHe n u ml
trackedPDOWPd vtaHeues. Thoal IPDOPO vlad nzeefys dt chvei ndga ttah e
i mproper calculation of this parameter in the
BD8 <clock data i Rt.o Itnhet hien,dddéexsadgfnpBBaE s i vi t a
calcul ation of the DOPcValckegs,attahariengpoeypudbfat E

resulting in the zero PDOP values throughout
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handl e the ¢3 odgikfsf dmremt IBDSRasnséebonsentfE&EqgmatBD&!
accurate PDOP calcul ati ons3 wint ht hae coovrerreaclt! csoant
This expegre &tdl ¥ oi mprove t-Bhespamdalromaeaceolodt iBdDI

positioning accuracy and smaller convergence

The same can be said about the ambpgecitygi oes
positioning in PPP. In this respect;phaaeh c
ambiguities from their respevedvd os etnalblliet eas
positioning. l ncorrect calcul at-Boand2 BOIbock e
data results in software difficultiRBguirre r3ego0
i s the f lhooarti zmantidiuafhi.x eTdhe results show how f | uc
(cawprmhiassre ambi guities are not rpaseedmbiaguai tih
resolved to integers) are. The f-pbasesambhegon
in the ambiguity resol upoenpnl s tcaagues dodsebtyhrec @rmrroe
BDS clock estimates,tfthreoambt h e odd rdralepssbdylg/u tinigo nt |
car-phase amBbguaenthieggui ty i ©é& s oultuntoisotni inmpRourittain c
comres$tl amu totniequ ermad ymt WM rovi de more precise posi
errors i np htalksee areerarsiuere ment s . | f ambiguities
consi ddeergarbaldye t he positioning solution, resul t
separati-dnclodciBD&aziabifgrhdny B essary to ensur e
t he epararsieerambi guities for both systems correc

i hhe PPP solution.
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——Float
1.5 ——Fixed
- - =Convergence Threshold

Hor Error [m]

Ver Error [m]

120 | | -5
E 10 - H ]Ht ][\’ :1 N
£l _r.{ﬂt.( T i w:mwr i il rﬂ”ﬂuwn b W 3

Time (Hours)

Fi g2 eB®®Snly processing of station KIR8 on DOY
FIl oat and fixed solution for hori zont al sol u
soluti on; Bott om: Number of satilomtes tracke

3.3 mpact o083 Beh®oocementPsPPi rEntgheneYor k

The modifications-PP#®r ringd neuthaoce thédavicareld i |
Bei BBoudat a, especially with the sedaamd3 BDS of
and incorporation of a f odirt A odddad qauiseric yf rfoor s|
KI'R8 I nEKrauangae, Sweden on 19 DOY, 2024 was us
system before and after these changes, | eadi ng

solutions. l ndeed,enprsi,on hteo stoliéd svar iemmpracv aam a b |
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BDS clock infoPmRtfilomatanandenwesxeddbhbémgeadhnson
has now been overcome with the i mprovements,

consistently achieve faster and more reliable

With the introduction of the ioniprtdivee rheorrti sz,0 nht
vertical spastsadobasafvlieFiggeBri8® convergence thres
cm was set to determine the convergence ti mes
positilionitihgu24dat aset, the convergence of t he
mi nutes (whi cht hirgasmah@p f o viomatsgltyhat of the fi xe
requires r epshaalsvei nagmbc agruriite re@si, n wmtaesst.dntet &hiorug & ibre |
and 5, there 1 s a,drudnpw iomgutnph étehfel ofalto asto | sua li wtni
converged within Tahifse w ottei ncse adbfl emibrnuuntpe si.s at t r i
number of satellites tracked at the initial e
and degrades the soluti on dluhelsiet v haamdy eisn carl esaos ¢
i mproved the overal bwpobnt Ttmsoef g3t'dize'cubroaldly0o Oas
percentiilne emetlruiads ng the performance irsnsto re
T equi val enbpundnfegristaf ddeg eamrdorvwgr sensuring
assessment of positi omBiond rheolriiainltiatly aaanmdd vrea b

by approximately 90% for both fl oat and fixed

i mprovement i s very i mportant3 fcoog eussgrnsc ei nt h
constell ation can now rbeecirseilo ne dp oosni ttioo na cnhgi.e vTel
sharp contragsnprwivemenhhespage in which the sol

These i mprovements al sOoP pvaadiuteirSwdilloy i8nbdSaid ti eoch st,

previously degraded to zeros through -hder epoc
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datasets recorded an average PDOP valwue of

constellations. Th{reaehold 8PISceharanamned ft Bd Ss ¢
two constellations independenwhychndecal cahtat
i mproving the gener aBomslay es ¢ lcwtaic d,rest.nmedh muyn noofd eB

errors in the positioning solution were reduc

——Float
——Fixed
- = =Convergence Threshold

_____________________________________________

PDOP

R WWW il

6 I |
0 5 10 15

Time (Hours)

12
— NumSAT
——PDOP
2

s o o w & o

Fi gB3 eB®BdSNnly processing of station KIR8 on DO
FIl oat and fixed horizont al soluti on; Mi ddlI e:
satellites tracked and PDOP

Besides the c¢clock separation, th8 pnbcedscn
al so played an i mportant rol e 3n wamsp rpawicreg sped

three frequenci2es Hoeveaetrl ytaet BOBN ¢ gquwen oyf 4&the
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MHz brou8hpr8®&8ssing in | iHnee qwietnhc yt hcea pracod d rint i
which also processes four frequencies in the
introduced increases redundancy ivid nghe mine gsiur

resolution quickly and provided better accura

Tab3d3eSt ati sti3onl gf hBPSzontal and veérwbaad posi

10hercentiles before and after i mprovements
Percen Horizont al f Vertical Po
( %) (cm) (cm)

FI oat Fi xec FI oat Fi xec

Befor 6 7 32.2 15. 89. 3 50. 7

| mprove 95 44.9 18. 148 . 89.0
100 48.9 2 5. 15D . 104. (

Af ter 67 1.0 07 32 2.7

| mprove 95 2.7 1.7 4.9 4.1
100 4.6 28 7.4 7.3

Figure 3.4 shows the -Bromliyz oprtad e saxxicrug acfi est 3
DOY, 2024 romplcecudlrequency ahdequéndireguesnct bs.
dual , triple and quadrupl-RPPF remuiegrmei easidit bgehn
guadr upl eh afar ¢ g eeneaayd ous i mpact on bast hh arhiez on to
errarres rieduepdchs wherpd et 'sd rdugall e d. Note that
a pivot al rol e fiinxkeab tsaoil meitgiwa rea 3J-adaydn, @ lhee fdrued u e

processing yieldedhar ploywrr édd wlatti mgpliun i anpoor
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per c eamtsihloeviablne 3. 4. The overall positioning
horizont @3 a®®&offser bfyl oat arnas da,wteidvheslotheaeti nak us

the fourth frequency and its measurements ser

—— Dual_Triple float
—— Allfrequencies float

E 0.8 ==+ Convergence Threshold
15
o
Los
w
T
et
€ 0.4
o
N
E
T 0.2
0.0 i : * ; el
0 5 10 15 20

Time (hours)

1.0
—— Dual Triple fixed

_ —— Allfrequencies fixed
g08 —=- Convergence Threshold
s
toe6
w
©
)
€ 0.4 1
=]
N
E
T 0.2

o
=)

10 15 20
Time (hours)

o
[9;]

Fi gB84 e BBdSnpy ocessing ofDCsYd B9 i200m2 4Kt loFh8p tloema f r e q u €
and al |l fdueelq,uetnrciipelse (aMap lgBadr s @B & tikoende ds)o.l ut i «
for hogolzwtnit an
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Tab34 StatistdionsyohoBDSont al p®FI teodi'MlgP Oacc
per cefnadru-hes pl e andpalolcesseqywehmoiresiata process

Percent Duallriple Frec AlHr equenci e
( %) FIl oat Fixed ( Float Fi xed |
67 14. 6 15.0 1.0 0.7
95 19.1 20. 2 2.7 1.8
100 20. 8 22.0 4 . 7 2.8
Mor eover, t he ambiguity resol ution succes:
modi fications. Separation of c¢clock informatio

system to resolve ambiguities cohrernecalsyt rewcetni
signals or poor satellite geometry would have
Figure 3.5 depicts the3amby gui ¢t ye ssicecgsaf rat &
and after the I mprgeemaepntessThatiemprioadBi@mmwier att
and al most a 100% average succeahsanrceenendtotr st &
i mprovement in the gen®P® epgi her mawheea eoft hieh
ambiguity resolution increamedant®uoosega 95a4 ge
i ncrease coimp@marewe meontprreat es, which were gen:ct

information and | imited frequency options.

The migr at3 ofnr ooni tBhDS e to P€ProtesguprpgCcrepr e
signidomtamitbuti omconhstwwal dARMudnttiPPP mMpr oved i nt
perfor mance, regarding t he I nter,acGalbinl ewi,t he
GLONASS. Thus, adding th3s floe@omet éirlemgtuieaarc yPRK

sees an time rtecatsael imumber of observati-8aakdds Ever

6 2



greater indepenglemheeace ferassdhwmgd aamdy omhsem damai n
from the diff arceomtsicdoenrsetde.l ITehtei pmsocessi ng of m
such asG&PsSillpoouanB GLONAGBe pysinecoreegaistend r obust
dealing with signal disruptions or sat@agllite

For instance, when there is a temposategl luintaers
BDS providefsrgqgaaamauy | @ebsdrheeatt i @ nme d hraarn e mge vtes |

mai ntain the robustness and continuity of the

100

80

60 -

Ambiguity Success Rate (%)

40 ~
20
—e— Before Improvement
0 —e— After Improvement

0 5 10 15 20
Time (hours)

Fi g3 eAmbi gui ty s u3omndgs prratce safi nBDDf st at i on
before and after i mprovements.
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| n neuolntsit el | ati on PPP, PDOP values are widel
i mpact on positi ofs mogw sa ctedumnaaus. |t kit geuproRePH3C.y
AR processing of 0dt9az2lbé. bIRBIt ecloINBOMosc eosfs i n g
from, GBEONASS, Gal jalnddbrewakhtdie Bee Doy i nvolves pr
frequencies tiwoormhmr@mS GLONASSgn df ofuau rf-8fermonBdaB D 3
Figure 3.8, there is an aver algecu rP DAPDOP Tlpipw e x

i s not abl e wi t h t he combi nati on of measur eme

frequ@hcsesmprovement is well worth it, espec
satellite visibility may be poor or | imited,

case, would mean that even whuclhe ash®&GRBalginlad &,
weak or obstructed, the system exn rsat imelasprraewm

from-3BBSving as redundant measurements

One ofpehéokeawva¥wCMHRPR i s reducing convergen
BDS to four frequencies means aPPPssngona, | he
faster cfoobnmodearhgencoceat and fi xe8d comnltutiibauntse.s Bdaxi
frequency when co@bi nkedowi ahd GBSEONASS for mor
contrifltasttert ambi guity resolution and hence st
Figurte t3he fl oat solutigwhisbaeefgaedatolhubi am
i nstantaeeeuscloynveThpprdeed ti snesan enhancement ,

applications where the ext-3nweuwl drglgay nx ysicoi

mai ntaining fast convergence across diverse r

Recent research has demoR3s tsriagtnead A Ri et direinee X Ri Rt

resulting in improvements i n Yaomgyg eatg sahlo.e e(dd 04

6 4



that wusing all fou¥ enahblled rreagpuiedn ca nebsi gou i tByD Sr €

8.9 cm horizont al and vertical-3orclcyursaaclyyt ircers p
thesis with horizontal and8 vemticaspactciuy alcy,
observations, showing comparable accur acy wit

et al shpaw@22) hat th-8 1 nc-BUNSBOG-RPRfsBDSem resul
better fixing rates and accuracy, with a succ
this resear-8dinlsyhhoambiag BIDSYy succesgslircatesoft hmd
integrati3onwidfh BPS, GLONASS and Galileo sign
especially under colnidieti oamls.o w(¢2-Optodo)y pdvrecsyi bRA R t1
more accuratoemvemdi h-gstdgmeandadw,alwhich similar r
t hough this research findings used triple and
Table 3.4 4t ttéerxatt ,t o ntcheafsamg frequency indeed

speed.

Precise measur ement from mubphnp® RP fambiuguwicti

resolution. Therefore, wit,fambifgnedqyemeiso®d u
from an increased data pool , manoirreg attdmad madd |
faster. | n tchoen sctaesld aaotfi oan nsueltttii ng, the contrib
enhance thaeassygsdaemamcahse the introducti3on of
will finally eltloow mbti guoi tcyonrtersioblustt i on i n a mo
in combination with other constell ations.
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“o 5 0 1£ 20 25
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Fi g8 e Mireguencgygnanudlitliiati AR pGBEEysPRB of st a
DOYO 19, 2024. Top: FIl oat and fixed horizont al

ver tpiosalti oning solution; Bottom: Number of sa
3.40verall York PPP Performance | mprovements
This subsection provides a detailed compar.i :

the prevhwWasci wor «2D088¢stigate I mprovements br
of quadrewgqpuleency si gnad scofnrsotne Itlhaet i Boeni Daonud e x p | i
terms bet2waannd3 BDSHSt el 6§ aleds48 Ignl obal datasets we
identical approaches t o t honsaen yu sdeadn aide efelte pi

evaluatheni mpabese Wwpgrnagdieasbtohued RIRpemrfadr mance.

| mpr ovements i n convergence ti me, poaréeioni |
considered, since such aspects represent t he
applications.
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3. 4

Fi

add

opp

of

t he

Comparison of Hori zont al , Vertical, and C

Sol uti ons

gure 3.7 shows the time series of the ave
ul tfsr eqqtuealcly (dual , triple and quadruple m
cessing was done for -fmrud du e@d efamm n BPSE wat i o
guency for GULE@NMAEScard ff®I.r Glahlei |teiomea nsde rB DeS
rent results are of great help in wunder st
itional f-3 eguencegp o attBDE olf o BDSt er ms have
performance of PPP solution. Among the re
tial position error. It can be seen from t
' ' er withthée eq wfade gy déomc yofsol uti on. These s
remely important for positioning applicati
ow more rapid transitions from fcltoiaotn,t ot hfer

a big i mproveme¢imte itm meomseel gasn e etsiemeé s i ns
osed to previous results that would show gr
this time seried,i otnhea ahpdrdil zyo rett alb i d d szietsi dm
advantage multiple frequencies can have
ur aciynstmmicasees a -uagduempdcy model all ows the
iguities faster and more successfully for
rter time frame. Besi des, It refl ecthe the
bility of the solution ovRErgutZ7iemep oisn ta otni me
ecially horizont al error s, remain small du

orporated presents more advantages.
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Time series of the average horizontal and vertical errors for all stations
0.5

—— Float
0.4 —— Fixed
—== Convergence threshold

Horizontal error [m]

1.0 1.5 2.0 2.5 3.0

0.5
— 0.4
E
§0.3—
]
T 024
:
* 0.1

e

0.0 T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time [Hours]

Fi g8t e Ti me series of the average horizoent al a
frequency (dvual, triple and quadruple mixed)
Figure 3.8 compares the fixed sol utNani rsit,at
2023)The current solution shows a slight i mpro
95t h percentil e, reducing from 1.2 ¢cm to 1.1
rmsrrors remain at 2.0 cm and 0.7 c¢cm, respect

resolvi-plgasaramleirgui ties using eX.trTahdrmrwmwmgruteinca

errors remain nearly wunchanged, with a sligh
percentil e, while the 95th and 67th percent.
i mprovement is |i kely due to s ateelnhastte sgiegonmeft
advancement is in convergence time. The curre

6 8



al | percentil es, caotmpfa@Oeae mtoit lo@ poe dLmad Mivwe r Kk
reducti on, eBdl| equfaiyg quBDe vy signaligane €&rNSa&Sn ¢
applications by providing faster and more rel
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Fig3& eStatistics of the average fixed $bhlutio
95lind'hedcentiles. Top: Horizontal rms; Middl e
to 10 cm horizontal error.
3.4C@mparison of Convergence Times for I ndiwvi
Fi gu9seh o3ws toh9ebbb@ep centi |l e average convergence
anan the bott ®mMpeirtcesshowe taver age convergence
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Whil e fi xed -fsrod quute nocnys pfroorc easlaslti migs r tmwad yn, trhees U lo
better in comparison with previous results. I
ambiguities on dual and triple frequencies ha
ti me. The val uedraufdieedqg ufernocny tchaep adBu dsiytsiteesm o fn tt
analysis is presented to f ®ttahermnadZarmGec evapo ®imi
t he current3 smeuadsyu raesmeBlDd$S wer e not present in

st aads safi the analysi s.

With thHeguoe 88f9 which is the convergence ti

percentage of the stations realizes cofiiver genc
of the stations converge inst8wnaoawaarotulsed ypr ev\nii a
where it was reported that 63% of the statio

i mpr ovaetmemdt s he efficiehcpgqoéndyheampghuadaud | ehe
separation of t he2 amldo e¢BkD $theerrnesb yf oirmpBDY i ng t h
efficiency of the positioning solutions. | nde
of the stations. For example, the convergence
it i's inmwmt el nsi milarl vy, for LMMF, it has com
reductions are important in that they reflect
t hat need speed and accuracy. Thescaomhaitstoansc)\

further credence to the wwoalkut iFoomrs smgraempgrde o tt 1by

1 minute to O minutes, hence offering I mprovecd
consistency wil/ go a |l ong wag tHtywamidsesalxappl
where rapid positioning accuracy is crucial
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Fi g3 eTo'herx>entil e average horizontal converg
67percentile average horizontal convergence ti

The boFfitgour eof3. 9 shows the convergence ti mes
threshol d, as used in the ptheroant woekpemdTher
representative of the rate atnswhainctha ntehoeu ss tpaotsii

part of effortlg kteo reatuii g feyrBei(ndtins& (IO skc3r)H ablre. dt e 1

of instantaneous convergence to the théshol d.
of the stations in t&t aPIchdii,de mtots tcwochw.e rTghea ti nis
Thieshancreenpernea §% nitmpraovement, which means that

intended accuracy without del ay. Tthreededney @
t he -BDgrocessing, better ambiguity resolution

curent sol ution.
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3. 4EBobkEpPpOch Solution Performance

I n ot her to f MCtMHeR-RR opngrafrcer ntahnece t o RTK pe
previous wardka tparsoectess sudsdepgocanfepoeh, where eac
independently without makPiPnPg cusaessdfcadny padt ¢
esti mat ingnTshf ielstceamathiecsnnf or mati on acquired in
estimates of the parameters in successive ep
resolution but i s bavsiesdi baond i € gntainmu opurse ve atues| |

probl ematic since cytchkeegssblupd Ontrotdeceuptron
results of previ ouMCMPB-BRescehwv&ederhahcactu roa oty n t

calmeachidee-&nst antaneousl!l y

Figure 3.10 reflects the difference in the p
error below the 2.5 ¢cm threshold at the 100t h
strict criterion for assehsassi ngi vpeenr ffou rmamere iar
robustness and r-ebnabel | #tiieqgr,e nARel nimkdPetl i. of 1

sel ebsteat i2ass station CZTQ@1lhassh obwean i anpirtotved pe

epolcyppoch [ evel . nWhaiiine dARHWE maime perfor mance,
the current aoadstparteivoinosuss hwoowekd, af decl ine i n p
of al | stations in the percentage of epochs

increas®d fwi omi & t he 2%riervitoluess ovmorrrkentt ost7udy, W

i mprovelnBs.nt of
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Fi g8x@® Top: Percentage of epochs with horizon
epolxyepoch sol Uipiearcsendati | EO®ver one week:; Bott
bet ween current and previous wor k.

‘N

Substanti al benefits can be seen for t he
i mprovements in 20. 6 %, 23.8%, and 22.6% respe
current MERMF yBRR M. For GANP and GOPBEnantcheer e \
with vablwdahdrs8 respecde wleilnyiad hiTtdvnbse dsupee ctiof isct a
factor s, which include difficult satellite ge
t hat i's perhaps not mir t isgathe S tadhiFdto sa. Ipg e siemd |
some degradation of performanceswigialhi 8e3 %read
point to problems with either specific sateld]l

these stations, have i mpacted i#cleindrianaecier ac ine g .
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It can also be due to t-heamndBpBdlPoecrk steeprammsa tiino nt
wor k.clTonciks h arcdluil dg hearvreorthel ped t he percentage
abruptly though the assighmemtt hbd deéeisei genl omat rt
While there is slight degradation of pdrlfor ma
indicate very positive improvements with resp:

|l i ke positiohhongtacelbyaog wn | ocal augmentat.

Figulcke@Bi.dts the comparison between the curr
byepoch perfor'fh@amcel natitihech eprée7vi ous wor k, the s

sub.-csenti metre horizbpeateacicuk awWiytodt dithéee epdct

all stations; i1t was iIimpressive for a PPP sol
performances in that analysis, as more than 8I
of t hem. The cumsatcgntodnetohuss apcer f or mance showe

potential-c¢darystfeolrl Muieqaenmyl PIPP t o attain prec
present wor k, stfatri omoss t u nodireprrt disetemmeéynt s are reco
i mprovement in performance i s r ewmanpdhaddfeni thl
previ ousi gvroirfki E@amt i mpsStiCan ciempr oved by 19. 4 %, go
93. 2 %, BOGT foll owed suit with a 20gbWwficamneéa
by around 30. 5%% alntoaugetimegr taon B 6UNB3 al so show

to 95. 9 %. These resul tdesigdi matei xkhdy ebkbaagas

teramsd additional fr epaeacybr bught BBBgni ficar
performance. The pr es e r88% wofr ke paotcthasi nbeed oawn tahvee |
cm for all theestatisermrsasnhmgde i cant | mprovemen

of 80. 4%. Aamod gp 4 rhfeo rrirsdxNyW hsitcatwi an lecr ease of
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Whil e the perfpoernmaenrctei lag itrhet 6i7s study does

of MEMARP PP model does indeed i mprove positioni |
100percentile does reveal a few stations syst
di sparity in performance points to questions

based on the following chapter of this thesis
1. What is required to increase the average r

80% to higher percentages?

2. Why tilse ipgo gihtaito rs opneer fstt eache soenest b&n ot her s ?
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4 Posi ®@utolni er sCa ms tMulMia &-tt 11 o 1

Frequency PPP

Theposidutolni er s ar e geadédtiic@d rvattiod |i & sFsreesgsu eMe ly t i
( MCMF) Precise Point Positioning with ambigui
positioning r e p rt ehsaeenvti saitgemisfdireaoametntt gse i r expect

pot endtiisatlolrypihegi sisoml WGINISEns -ARMGQME sPRBRIgINaGNS$r o

const elalnalt iaodnsf,aegulkt @micesea@lseavainl ability and

Howe,vewh i Inmea ntyh enseea sfurroemmeanitls constel |l ati on and
introduce the possibility of achieving even h
error | ead(i Kar @iom oautt Caule.t ,6 e2618)n PPP sol utions
factors such as signal degradation d@Qe &6 atit m
202¥%u et aThi,s 20R&8))I enge i s even more compl ex

frequencies at which the receivers operate w

susceptible toinhhdsetf élkpprtowafaerid0o2asy to re

outliers have an important effect on instantar
cent i-lneevaecleur acy-epomc hsi mgdiet i oni ng. |t was r ec.
resolution across multiple frequencies all ows
errors can stil]l octidhaduetNaadiurnir 28 aBiSsendaaohu,t | 2

advanced st awhisigricclauld emeMahhoad anobi s di stance st
in outlier identification and mi t(iMagy arn ewi téah

202@2i m®nez etByalt.h,i s2 0lp2p)r oach, the observation
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from the expected are identified; (Magyari etr a
2022)t i's required that ndkeuanet dsowa lgphft hoautt | e rer
measurements are recognized and treated accor
solutionThergtoeeal knowing the root causes of
perfor mamdRe AMoMRPt hese are factors such as s
the number of measur ememitcsh aardt rsiibg@ntdd c troeidtubnd
Bi snat With02MWh)e study of suaht tmpmons mi zet athe |
of outl iers i n enhancing t he-epethalbPiPIPi tyol an
Furthermddeess hng noafgl tl mev duitkl eiRépriesr f or mance t o
PP-RR. With theutodninudnotsicekhatiegounenmgi iy b & e ms
advancements shoultdchhefi gmagmbdd menmgt eodutiln er s t o
additional compl exity brought about by new s
systems triampsrigateedst iionntionlgn atctciusr ach a&pt. er an at
regardi-nogpepbdc MCMR pPePfoBmansed to find patte

causes, and disxcmpaesitiheni mplacati @aap.

4. 1IGeodeti c MCRMFEFHmR®PPoch Outliers

Il n the quest tgeodet ect MGWPp bYW P s c hn gdaalt watsied rs,
from 29 I|,68o0owfiaguroens4. 1, which broadcashte on
constell ati oama oawalrn tpeerreisotd,s aorfew & bWkeg & Ipo wrce ss\v
with the -RRPremMgerverkson behind the 29 select.
the 27 stations in Fiduwe et 8.tlha nurnéawaiplrabviiloiutsy
on the | GS spirtoec easts itrhge, tasmeweolfl as the inclusi

st uflye main aiemeiaschbohsck for the presence o0
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positioning aecpcoucrha csyoliunt isoinmsgl eWher e most anal
data to obtain even smoot heonssiordeudhnognmmc ht hi s
independent hebsektowvatiany errors within one &ep

previous or following measurements.

1648 datasets wdrreo mp rDoOcYe 0slebdS hivne DtPdltf eel2 P2 d duc
arcecomermbifs precise satellite orbits and clocks
( Deng?26twearl e, ,aul soendgp vpiitals f i |l e containing both c
by CNE&urichesse &hBamwmeaidceoiddthzbZepwosdaot s
genetr@PERR s o lTuhtkiGeS2.0 ANTEX fil e was used for
antenna ¢&rchenctdi eens DI ffer@hb6bfrequenphapseud
measurements from the same satel |l i tGLONASS wei
measur eang eéthsal watofodtthhtehre c on st & huknaftiixoengs h aaurer iteor
ambiguities of GLONASS caused by its uTshee of Fi
Modi f i esdq uLaeraesst AMBIi guity Decorrelation Adjustr
for ambiguity resolution. By means of t his |
covaanrcies of each freqeefdye Wemet uerdand caoapui
ambiguities. Then these fixed ambiguities are
based on a ratio test., AG@adliiglued i &@rsd wReied du xlea
Code Division Multioptlkre Azmleisgu i(tCIDMA) f avihi GL ONA
because it uses the Frequenasy siavtiesd obtbigduiletri p
the estimation parhaametteresnpdomg eslt n at elgites mi ni n

the DCM model
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Tabdlle Processing strategy of estimated par amet

Parameters Strategy

Receiver coo Estimated with process noi:
Receiver ref | GS SI NEX positions
coordinates

‘Qoda ntdo

1 0,7 0,7 60, 008anc

‘0°0p

Tropospheric

l onospher

Ambi gui ti

i C

es

El evati onf &n

Wei ghting

st

Esti mated as white noise pi

Esti mated as white noise pi

Dry: GMF model anMKomdbmpi 2d
Wet: estimated as a random
0. 05W@nm/

Esti mated as white noise pi
Esti mated as constants on
X

El evation depgndent wei ght.

wi t hequal to 0.1 m and O0.00
car-phase measur emendbsegi mges|
the el evadanmnham eamdeglter mi ned
based on a resi duwal iamwyd me:

analysis and set to 0.15 ai
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Tabl2ehé4ws the frequencies of eachFcgpursa ed.l2at
depicts the percentage befl Devpocims pert BthBybr onon
epoch sol Bt7focblasntathetriteenti |l es. Each bar repre
stationbdés epochs bel ow 2. 5Them 2h &r iczamo nthale sérorl

assess whether the percentage of epoth&e at

performance, as 2.5 cm-isvalseoaavacwegachamar &:s
| GS stations analyzed, the 100th percentile
horizont al errors below 2.5 c¢cm at 8 7 %, whi ct

consi dewaastti onma j darhiet yh ogd tziosnftya IT haaoveu raggey permicteett
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epochs shcgmhabdhse 95t h percentile, to 89%, ref
By removing these most extreme errors, more st
reflects the effect of removing ouwtgleéeecsenbager

increabgesantially to 96% in the 67ta&arg@escrent il

arremoved, al moaitreeglredtehhy osntga tpieanfsor mance. Thi ¢
closely -swiignma at hornees hol d, whi ch encompasses dat
me an.

vy 003 100.0 100.0 99.6
~R04.4 [ ==

1.

Percentage of Epochs (%)

Fi g42 e Percentage of epo

c with hori z eyt al er
epoch sol uti'@&s da'th 6tblcee nG 7

hs
| es.
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Tabdl2e Sel ected frequencies poocesashngonstel |l at

Constel Selected frequencies

GPS L1 (1575.42 MHz), L2 (1227.60 Mt
GLONASSG1 (1602MHzG2ahd2kt6MHz)

GalileoE1l (1575.42 MHz), E5W111@045 1M¢
(1278.75 MHz)

Bei Pou B1 (1561.098 MHz), B2b (1207. 14

Bei BBou B1C (1575.42 MHz), B2a (1176.45

(1268.52 MHz)

4. 1Ahal ysis of Station PerfPPHRN EpyEpPpoGrodet

Sol uti on

To evaluate the i mpa-AR 8bl outbnsersannaM&MFsP
was conducted based on horizontfdl lacepbalky) at'

sigma) {#wminggm#&) .3sTanmlae i 4es the station perfor m:

4. 1.QAv.€er al | Station Performance

From Tablhgegmhf or mi ng stations such as GANP,
consistently strong results, with over 93% of
at t heern®®ntil e. These stations show mini mal
performance i mprove@demiveraelygssCpPGeceRPVIGes L M
record significantly | ower percentages, part.i

positioning errors and outlier effects. For

8 2



percentil e, i mproving to 81.5% at the 67th pe

in its solution.

Tabd3e Percentage of epochs bel ow 2p.ey fom nmionrg <
| over f or mi ng ‘&G rdo B OEENtIi | es

Static Percentil e ( %) | mprove
67 95 100 (100% 7 %
GANP 99. 8 99. 314 98. 8 +1.0
KI R8 100 99. 3 98. 4 +1. 6
TLSE 100 99. 3 97.9 +2. 1
BRST 100 97. 1 93. 2 +6. 8
BOGT 93.0 76 . 4 72. 6 +20. 4
MAY G 90. 7 75. 0 71.5 +19. 2
L MMF 90. 2 71. 2 67.7 +22.5
CPVG 85. 0 65. 4 62.1 +22.9
CHPG 81.5 63. 6 60. 4 +21.1
4. 1.1lmpRact of Removing Outliers
The effect of outlier removal is &Evodemt in

percentil e. BOGT and CPVG, for example, show

respectivel y. Such | arge variations suggest t
their positiowmncagtaasuyathe mini mal changes i
that their solutions are already robust, wi tF

BRST, although performing wel 8,6 soawgeat mog e

sensitivity to outliers.
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4. 1. RoBustness Across Percentil es

Robust stations such as GANP, TLSE, and KI
percentil es, cowumdliirtmy nsgo Itunteiianshivgiht h | i mited s
hand, stati CRY,GIldkbdF CMIPIGEch | mprove by over 2C
degree of error variability, highlighting thi

i mpr oviAnRg aRRRRur acy.

4. 11l Bvestigat iBydt atfi &Gt aVYaroinati ons

To achieve 71 obusdtuerdcagtnhgauddidilatcbiywmo oo regpsowlht s
showh giure 4.2, there is a need to investigate
bystation VvVBo i datth®oees <@traeti ons have beenlhsel ect
selection is based on the pereteatkKad®dBs od dmomad z
performing Af@6&snnagyVv@graderomi hng stGHHEGSN a nkda dst

performing station.

Figure 4.3 presents the time series of float
DOY 015 in 2024. On topaiverskiplRS8 o(ng)o ocadn ds tCaHP G n()
For the good ptehfei aenhi sl st aonhomerforms very
achieving horizontahi g@hr peisncdbedaatgees2 .vbe rcym.e fTfheic
resolution at this station, l eading to minim.

averpegref or ming stadicem|l ehbwes #&ahdti xvaries si gl

compared to good performing station. Whereas
2.5 ¢cm, it has periodic divergence, an indica
the golxetdi on from stabilizing someti mes. Fina
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chall enges in its fixed solution: only 61.5%

i's mainly becancaehdihet esrttaltplomesolbwméi gairties.

Iy
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o
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L |LMI_L_._'____“LW Il“| “ R A VLl Ll 1“

e
o
o4

5 15
Tlme (hours)

Fi g4 eTi me series of float and f ioxme dDOsYo lOutsi an
20 2T4o.K1 R8 (gooMi dsdNSC@v@ysagpdg ioBn PG (bad stati

Fi gurceondtai enshi stcogu b ¢ avidh g tCDAp | 0t s of hor i z

errors for KI R8, ASCG and CHIPIGKk @ nt ¢DROeYS iDd iBd i n

Sshowsr @ad dadghaeddd liinnedi stinguishing the.Theri zon
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i mportance of the histogram and the CDRtis to

vari ous

stations.

The histogram of the good station has a narr

values concentrated in the | ower hori zont al e

consistency in performance f oprl omo sftore ptohceh sg o ol

al | hor i

From t he

the out |

t han t he

the cent

ncreases steeply aatl aemobbhwahmakbédecdel mge t th

zont al errors are |l ess than 2.5 ¢cm si

ndi cates amoaxcol|l anst tdrer drai | of the CDF end

above pattern, it is deducedianbdate, t h
iers would not HBhHd ekitstahe@rsdmaafonposi wi
good station, with |l arger outliers bt

ral val ue ¢.heWhivlea atigleen CBF i mlcotealsomg i

gr adaalceompared to the gaBd. sthadbf oerpochsréeéal b

The CDF does have some fluctuations, which i nc
errors. Also, the tail of the CDF plot is son
station's overal/l performance. The wider di st

esol ut.i

-

mul tipat
di fficul
of accur
proporti
of outl

bel ow 2.

on is sometimes hindered by either er
h effects, at mospheric del ays, and we

t to resolpwreecvaahghte gat at eenr et ombbyagnd.

acy. The histogram for bad station sh
@an fafl ltimeg datt o | arger erdargeastbegsr i e
ers reflecting its poor performance,

5 cm. The CDF pwiotth rnidstleist @énaimistei mo b a ad t 3
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its tail i's much |l onger, reflecting the persi
station's results, seriously affecting the ab
can be seen from the skewetdhbkbi €SDéEgrambibdi eyt
bad station faces severentbiealbleerngesse wlhi ceh t bha
interference, poor satledddioreqgeegeadgd Dr xedh
statdwdlbE®mad Pes5r centil es al so FhgupetFidgdeeAdt 40
movfesom the good station to the badnstahiafbthy t
to thehirsi gihntdi cates a pattern confirming that
t he bad stanalfofne ctth el tnso sotwmer al tvdie@af @ed maoacehe ¢

aversag@mdi ons.

) KIR8

100 — . 1

2 55

_g 50 ''o =) 0.5

Ko [ 1

E 0 1 | 1 | | | | | | 0
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< 100 : : — 1

> j 2DRMS

= 50 : 3 3 - - -RTkdlike threshoid| | () &
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= ' —CDF
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Probability (%)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Horizontal Errors (m)
Fi g44 e Hi st ogram and e@DF opli ztosn t @afl
DOY 015 in 2024. Top: KI'R8 (good
(bad station).
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4. Caus éPosafdutolni er s

This $ecusens on identification of the contri

outliers within -ARodpddgtoc MCMF| RRRFP ons. Referr

analysis presented in the prevpoosuisaus&tceren,ca
significantly impact theOatlcuemsyoodumpowheéemnos
cause individual measurement errors or anomal

true values of t®&eclposondiotniionmgs sohange®nbased
them are the signal environment of the statioc

Under standi ngi stnpeo rrtoaontt cfaours etshe devel opment o

these solutions for precise applications, i n
contributing factors of the outliers, ibncl udi
satellite visibility and geomeetarsyyr eammedn tt hree dnuun
ardee scussed. All of them are cridarcecabei gy dehiw

for thetheebkbé¢Ttamwmen f actors can be identified
with a view to increasing the gepAR aslo!l pdrifomr r

various stations.

4. 2SLgnal Strength

S gnal strength i s a <c¢critical factor in te
measurement , PRBRrItn cameag@ac hPAPP sol uti on, t he
increases the possibility of outliers that c
amount . The rsdrgmaall& npsttirfesnegdit &by e e®BN,R)of t en r ef |
the quality of the satellite signal that i1 s b

SNR correspond to strong signal s, whil e the |

8 8



signals, which are more susceptible to extern
ot her sources of error. Signal strength is on
gual ity of both pdhascko rmemgea tdmk hdvar rcioegre ¢ omp.

soluti ons.

Various studies have pointed outpet her manmpae.
Par kiam&epn I(1kSedsi)ghl i ghts that with high SNR, ¢ttt
and cphhrasermeasurement i s I mproved, hbBMnseaa r ¢
ankElin 20 lilndi cate that weak signal sneiasmiphkgmenctse

condition that negati velpyhaismep amib® gteh a e reds & liTytn

result in | arger positioning errors, which mat
t hat degradation in signal strength due to an
errors wel|l mor e t han tnh & N&Sp i i aglg0edi Bg seisshtod dtsh

strong siignantaededngrn e ga otdh apto swetaiko nsiinggnal s ar

to multipath interference, generating errors
results in outliers. | nWaandndi iantrg\arh | -B itr e Rtdadg7 9 h s U
shows that weak signal s, especially those frr
ionospheric and tropospheric errors, further

4. 2P8eudorangaendsleuidp@ainge

PPRspecidal ime nram@y pepolt hsol uti ons, i's highly
mul tipath and noise, often cauBulntgi pathiecscut :
the si dbredlore reaching the receiverpuréeéfli egss
or ground. TBhddretfltdettedalagel ay to the pseud

i naccuracies in the positioning solutio-n. I n
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measur ement s-pthasre tmeea swarermeet s. Gi ven that PP

measur ement s, mul tipath errors in pseudor ange
when satellite visibiGadyand @pominn {(p2sBeOddnd ruarnbgaen
mul ti path may introduce biases up to sever al
outl i ers ponstioti GRS B g solutions, when ambi gui
Furthermore, the multipath errors are highly
of the surrounding environment, sat alnltietnen ae | ¢
(Misra & Enfglki,s 20dd)ability makes$biyc hokamnmyv ecnotmpd r
al gorithms; hencebywpodthepsopessisg. in epoch

Hof mda/e hl en h(@ 0 OaBnjldea Ic k(2 6 tlebsatli.mat ed t he pseudor
obseraatdimear combination of -phhee pmeadar amgaea
demonstrated in equationtshd 4mdl)t iamalt H{edaela)r. midzor
phase measurements are relatively smaller t h
neglected. The Ipsehbhseraalglee snu@atni@reain fbree geuse n cma

as:

an o p — 0 —0 (4.1)

C

c
©

c

an (4. 2)

Whermnmé,i s the pseudorange @t & q pyeh bsy o bhsee rpvsaehul deo r
multipath ob&drweagleaanédmrtiehea he pseuderhamsge ar

measurememet r@isseequespye dtainideat § the pseudorange

phase measur®®memtusersagne ctthhavaed yWhen duri nyg, a per
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the multipath and noise have a zer o melainps t he

occture mul tipath and noise can be rewritten fr
Do=an an (4. 3)
bo=an an (4. 4)

Whenrié, andn are t he davaendayge spfecti vel yY, oaerd th

bD0anddare the final pseudor an§eanfidflirteiquetntci els

respectivel y.

Pseudooiasgei s caused by several factors incl

at mos gherdii-idoi noonssp b eaanycdc t r op o sgrhderii tt edreflearyence @

Unl i ke nmwhlitlcihpsa tmo,r e systematic trends, pseudo
natur e; hence, i'ts value can c¢chdadmge threpeceditdtr
accuracy PPP solution, the effect of pseudor a
solution. The noise may have certain epochs f

position errors t herts cfaomr bteh e ahfeP Brosteel natmidad i dovetr|
indicated that pseudorange noise might be exa
pl ace under condi ti ofnesr odx awepal ke ,s autned elri tdee nssieg n

ur ban areas.

Various mitigation strategies have been put
mul tipath and noi se. These include, advanced
designs, and makingounsé¢edbl atombisnead GNESr to
measur gmaoentand Céheat ¢d@OHAtl ti path esti mation d
while effective in erroirnr rleamush i evi v ihrs dedioimi nntiasa
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reflections. Themedgnal zaesiognsdwd BXNES& PN iez e ¢

sigrlajlisncrease robustness to multipath interf
outliers caused by noi se an(dMomutletnibprautchk. weitl lal
Despite these advances, pseudorange multipath

of outl i-byespoicrh ePpPoPclprocessing. The irregul ari

indicate the need for mo r gga trioobnu stt e cohuntilqgiueers die

algorithms i f precise positioning is to be ma
4. 2S38tellite Visibility and Geometry

Il n PPP, satellite visibility and geometry p
reliability of the positimypponghsahatiyens. p&p
visibility and unfavorabl ersatélalti e i geometer v
to poor performance in PPP solutions.
Satellite visibility refers to theraeaocembeer ar
Limited visibility duehbtuad dbh atgsycttirvee sel emalnt
others, indicates fewer satellite signals ava
in the positioning solution. When there are

weaker andi ngheerproosri tiimcnireaBaesgorpRhagsesctul aoh i t i
the occurrence of mmoteéepBi kelapyd aebdm@Bhasi( 280D
that enough visible satelrloibbuesdpyt wehl wspheaddul
Poor visibility conditions significantly deter

of the receiver to maintain consistent signal

92



Satellite geometry is the spatial di stribut:i
dilution of precision (PDOP) is a measure whi
the precision of the PPP Isclsutgiooond. sAatleodw iwvtael u
the satellites aglky werndnatdagshrabes edoi mot depr e
On the other hand, high PDOP values, which ar
of the Isokwy eolrevaatt i on angl es, result in positi

frequency of -bopdadlersbdiun ieeapibeacnht e n(B O wiérkdi cat ed

in their research that bad satellite geometry
very <critical to the fixed solution in PPP.
capability-pbhs¢e hamiiagsnitey @utdl ilerasd of the po
instance, poor positioning could refer to sat
usually provide weaker signal s, i ncreased mul

at mosphente, baltli ngo t o reduced accuracy and mor

Accor dRingo ¢ @eDt, 2gilnt roducti ocno ncsft embraae i GNSS i n
redundancy and diversity of satellite signal:
geometries on positioning ersystsemsBy rneacke invge ru
stronger geometries even under challenging co

outl i er-byiprocehpd®Pd®PH sol uti ons.

93



4. 2NdmbeMe@ds ur e meMetass uaanednent Redundancy

The availability of measurements i s a basic
satellites qgomifrfit pwtsed itom telse i mati on, sSsince 8
i ndependentstmads umrigrmhanthel p in resolving ambi
smal | number of measurements, normally due to
their signals, reduces information anmagitiadke
of outliersiwinthWnthhéeserumeasurements, the
noi se, signal degradation, and multipath eff ec
with possi Bli es eaufahl(@ CeOsH)atARd, i1increasing the nu
wi || enhance the reliability of the solution
erroneous data and achieves stability in posi

Measur ement redundancy occurs when more o0bs

determine a position are avail abl e. I n fact,
PPP since it wildl all ow the sysdiienng tooutd @ teercst
either by multipath or poor satellite geometr
flawed data will affect the final sol Ri zos whe

et (a0l1e2mphashaedmouwmisttiel | ancoea&GWASSredundancy in
better rej-weitgloini og dbwhhe erroneousakiegnalse.
ofo multiple satellite constellations, it can

t han would occur with only one constellation

to multipath or noi se.

For dpogdch PPP solutions, where each positi

the number of measurements and redundancy be
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cessing, where estimates over time can be
culated based on asatbubablidédsddtfacatnt hant ais o
undancy, the errors introduced by random n«
ely to mani fest Odi pkt(2ed e@dslg.hiln ghhe sbhut |

surement redundancyt iwme |P RePs paepcp lail cl ayt iboennse fd t

ect on ashdlluttiyonswedhmed e t he i mpact of moment
hout sufficient measur ement s, each epoch
ni ficant wvariations in position accuracy f
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5Correl ation Analysis and
Anal ysbhast aofQual i tynl R&IPc

Soluti ons

This chapte«ramdmietsii crplalcyf awod or s contri buting

gual i tycomamdhyer el i ability of PERRndoHeytiinmaer | wi
causedgtbiféensPPP, discrepancies from nominal p
error sources, e.g., signal poeenhglhi var gabdme
insufmeasemément redundancy. 't is 1T mportant

positioning perfortmameepr ecopesimd | gpploirc ateiad n s

To provide a systematic anal ysi s, this c ha
measurement quality metrics by GNSS reteiver
noi se demfi)t,y sriagnal (strength indicators, an

i mportant variables for quantTiefuyniirsg einh & rMolnit &
2017)Tmes eairiemp | enbeyntneadnuf acturers to exclude s
enhaonvceepaki ti oni(nMi sarcac u& aBpge,ov20ll)devel oper s
these metrics in a form of weighhtalhigt stolasemngyv
on positionimegsesodturtatoemgi.es often rednygl en a
dependent model s, stochastic weighting based
filteringKobebhnig&quH®s Puxpe20®k) ghting i s esser
influence of each observation on the final p
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devel oped to optimizeimbdisi gnidlZeecnbredbgicdn ol r
Building wupon this foundati on, the chapter [
investigate the relationships between differe
influence on both fl oat and nfeidx e dc cP RR es ovlautiiad !
strengt h, pseudorange multipath effects, and
among these factors provides valuable insigt
performance det eirdms.atlimnadcdi tPiPlPn stod ucdorr el at i
to reduce dataset di mensionality, enabl ing t
significantdosictoindam Bdywttleiaegnresf or mi ng t he dat ase
principal component s, PCA facilitates a more
sources affecting PPP performance. This appr

metridcprani des a systematictwaynitng ascsagactyhe

The results from both correlation and prin

comprehensive understanding of how different

anomalies in PPP. By identifyimg tdlRgr pdambon
chapter provides practical recommendati ons f
outli @€hese findings serve as a foundation for

PPP solution robusttinme sap plairda tciud mg |wh @ rne rmiand i

i's critical
5. 1CorrelAaal poiag aofQual ity I ndicators
Thi s section examines the corr eloalttilianme rBEEReR we ¢

solutions. The analysis considers signal stre

geometry, and measur ement redundancy to ident
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accuracy. By understanding these relationship
stations perform better than others and how

applications
5.1Slgnal Strength

Fr olanb| eKI5R8 ,shows high SNR values in both fr
dBHzand dHzien t he first and second freqaésoies

comparably high, which suggest st r ofnhge, SMoR e

values in ASCG are a bit | owemi nih@ummdakKkmR®Bum The
SNR is | arger, which indicates wvariability ir
results 1 MhposSINRI ovrmil uelsow res@deGablry in the s

reachiimg nnafmmi®l Y adnbdHza n a v edrbaHyzeT hoef 1402wefr t he ¢
signal, with |l arger differences between maxim

outliers due to weak signals and more noi se.

Tabblle Stati sti cosn ofi rSNR avnadl useescond frequenci es
ASCG andonCHPGGY 015, 2024

Stati SNR(BHZ ) SNRQBHZ )

Mi n Ma X Aver a(Min Ma X Aver a/

KI R8 29. 2 52.5 46. 3 13.9 56. 6 43 .7
( Good
ASCG 25.5 55. 6 44 .6 10. 9 57.1 42 . 2
(Aver)a
CHPG 24 . 8 56. 3 45. 3 10. 9 57.1 42 .7

(Bad)
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Table 5.2 illustrates the frequBHzcyY hared hpe dc
first and second frequencies f orKIKRIBSRSE hoAMSCG ean
occurrences of sampBHesthalkkkhoydbelTow t baweB5fd
occurrences correlates with its better PPP pel
CHPG shows a higher frequency of samples bel o
Thihs gher fresqgquerscy n poor signal guality and
optimal ff kedt P& PRlisgourue i5.nls .whi ch shows the tir
positional accuracy on the bottom fsarn etthe t®tsa
DOY 015, 2i0iigmp,ornawndalcharacteri sticssiapoalksth
under diffemdbdprpt fcgondetisthimsys t hat the SNR val
satellite is atsaeniaswiearx peelcetveadt,i osn.ncTehitshe | o we
more prone to signal attenuation and multipa
buil dings and other refl ect imuettroabvjeelc ttshr cAug hl o:
path in the Earth's atmosphere and is theref
degradati emeaswhitdhkr S&NR. The trend of signal
pronounced in CHPG. Meprewhiolreni ngl R& atasnt hes
mai ntain a better SHBemapimesatantoavrema edesiadn oar

the r,ecwhivelr gi ves way to higher positional ac

This correl at i-eolne Weattiwere ns atheel Iliotwe si gnal s an
of the difficulty faced by CHPG, with more i
values. I n fact, the positiosasl tdecloaey nhll 6:

5.1 indicates increased error at ti mes of | ow
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signal strength, at | ow elevation, is one of

station.

Tabd2e Number and percentage of SNR values bel
frequencies for all constellations for KIRS8,

Stati ol SNR1 SNR2

Tota Frequ Percen Freque Percen

Sampl ( %) ( %)

KI'R8 (Gc 1017 397 0.39 12319 12. 11

ASCG (Av 8635 2298 2.66 15016 17. 3¢

NY

CHPG (B« 8005 2873 3.59 11703 14.6

60 KIR8 60 60 CHPG
Eso-‘ £ 50l 50 )
Z | o] TR F? ﬁﬁz@?“ﬁ%
20— \ ; 20— \ y 20
0 10 20 0 10 20 0 10 20
%75_ 75 - A ,A- 'AL A n 751 A A A A o A
= oo L MR | ;(Wv,’)\a(\n/ WA o LAV VY
o) ‘ \
2 2| RORRARAYNY | | mw\@ .o SROROA OV
C SR VNN ) N RANLAY, . VRN AAKX
0 10 20 0 10 20 0 10 20
5 s Time [Hours] s Time [Hours] Ls Time [Hours]
Ig — float N — float . —— float
E 1.0 —— fixed 1.0 — fixed i 1.0 —— fixed
‘E 0.5
S
£ 0075 10 20

Figble Ti me seriesdoif-Radtoipo:; SMigdndalle : PBElsd v a toinaad ;
accuracy for KIR8, aA8SC6&6Il bBnde€HPGBG DOY¥ GPS, 202.
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5. 1P8eudor ange nMulPtsiepuadtolr ange Noi se

Pseudorange multipath and pseudorange noi se
of PPP solutions. As explained previously, mu
objects surrounding the redginadr atna, dihstnacret,
erroneous measurements. Pseudorange noise <co
el ectronics and disturbances 1in the atmosphe
positioning errors gwmherns ahls drow maeglgaebata hodni Saendgd
show the detail ed psewdanroanmsgee emusl e tisplabtfht @BnSdf o r
ASCG, anusiCHFPGt he first and skelte nps ducaqruamge ermn
observables were generafT@ddsér dmgengestiohausdr
el evati on, pseudorange multipat h,coanmdwilitehdi z or

each other, especially for the float and fixe

Figure 5.2 shows the pseudorange mul tipath
el evation of GPS satellites for stations KI R¢
mul tipath for the first frequency dwliirlegguehey
Overall, the stations have higher multipath v
signals are prone to reflection and interfere

reduced at higher el efvlagdctoinen daifef ¢ ot i mi me sazic

environment al di fferences among the stations.
environment with few reflectors. On the other
el evatoironass range of azi muths, which indicates
environment . CHPG has an intermediate pattern
clustering than ASCG, indicating a partially
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KIR8 - Multipath vs Elevation ASCG - Multipath vs Elevation CHPG - Multipath vs Elevation
0° 0° 0°
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Fi g2 ePol ar plots showing the distribution of
and elefvaGPdnsatelKIliRBes ASG& ognds CHP,GeRjiuemc y
Second frequency.

A comparison of frequencies reveals that t
mul tipath values compared to first frequency
accoiusntbecause the second frequency has a | o
reflection and diffraction. ASCG shows the mo
KI'R8 remains the | east affected, wi thh g&HR @ hgh
influence of station emweisr ommenutl & i prad hsipdhrealo m
environment s, l i ke KI RS8, experience little ir

represented by ASCG, significantly -fampluiefnycym
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Si gnalss . .anfahdyesrilss nes the critical role of site

all eviating multipath issues within GNSS appl

The bott omFr@ur.eInl ubsottrhat es the horizont al e
soluffhenfsl. oat sol utiondalst iveatyh semsonts vewittoh
up to and beyond 1 metre, especially at | ow el
However, the fixed solution successfully corr
wel |l witih®ndWOr.i2ngnemost of t he obskuouveafblneocnt sp etrt
capability of ambiguity reevseonl wthieonn ctoon dmatii notnasi |

chall enging, for i nstelnecveat iwoiihhs sniuel htcirpeaatshe sf rtor

mul tipath enhagae¢i ohmhet 61 oat solution'"s relia

ambi guwistoy}f uti on.
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5.1S38tellite Visibility and Geometry
Satel bibelity is saeehuimbes DODhatGN&Se in the
a given time. The more satellites a receiver ¢
Sat edeloimee¢ ry on the other hand is the spatial
recienigv. a.nt Bmemaqual ity of the satellite geomet
Precisidab(PBPOB)3 presents the average number
stations KIR8, ASClBoumanpge CH®LIb ,0n2e0B2008. 2Tdhe dat a
KI R8 tracked the highest number of satellites
geometry and measurement redundancy. ASCG and
counts and higher PDOP values.
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e r B ootf & wsinaztoeit [ail t epso sai nt
accufrarc ysKlaRB8SCenGCGHPGor ODY 202

Tabd3e Average satellite visibility and PDOP f
015, 2024

Station Average Sat el Average PD

KI R8 35 0. 88

ASCG 30 0. 96

CHPG 28 1.00
The me an number of tracked satellisttead i O® S S
mainly due to the geographic | ocaltatintsudierds it d

-

KIR8 (67.87A N), has thesl|lagsggeaspgi aijuenbwirn@Téahlire
over|l apping coverage of the constellations sucf¢

regions where fewer sart.e92lA tSe)s naeraer otvheer heegauda t «
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of rtehleat i vseatyedfdeieerrse d t ob esnteaftiitoinn KI1fR8owe da g e e

buctonstrained by | ocal obstructd.n6E8 A& ndl)-,atimp str

|l atitudes, has a view of the fewest satellite:
regional constell ationsadntthbhewéorsatati bhesct
These differences are due to the | atitude, th
The benefi t-concft el amuilotni approach, typicall
redundancy and better satellite geometry to I
number of satellites tracked aicressat hEsRBR8 st al

to a | ow PDOP and, Wweaeadilecesomtiatgurat moneof avah
positioningSeAlf2e000da)i RDOR obel ow 1.0 represent s
reflecting very |l ow dilufThen sefpfeectos oGt pbsi.l
geometry of KIR8 directly translate into its
has a veryrimswr bor 0% ol érlaebstwel@td 2 mo Tmpsy t hat t
particularly those due to multipath and at mos
the operational conditions int ths ssstamngoas I

performance reaches a meramsrorfor. 96e cfoare BDOR)h

show i mplications acfctus aCH4P G'is eawarsdgada laft y2 & nt |
PDOP of 1.00 indicates a more restricted sat ¢
hi gher Mmonsr zonsalt hat appear to i mply suboptir

hi gher o g.iv&rmso Da lgxyykA @\ nt ed out t hat stati on:e
observations along with higher PDOP are most

due to degraded geometri cal strengt h.
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5. 1Médasurement &eéMwmkdeakecays ur e ment s

Measurreamkinndancy i n GNSS refers to the avail
can be | everaged to i mpr oveAsp csshiotwino niinn gF iagcucruer
benefits from high measurement redundancy, Wwi:
to iIits positidohendgigbhbcueumany of the number 0"
observations, hence better mitigation of erro
i n measurements c¢tan of echwdes et hmendefnfud ti path si
positionéMi acaua & pe(2e0sPrBeiplo)r taeddd i tt h aotn a | me as u
available will, in turn, enabl e advanced filt

more accurate plolse trehanpgomuhtipput bet ween meas

number of tracked satellites, and PEPPI riecmilng
fromKIR8 illustrates the case where a great n
performance of positioning, while the Imondger at
reasonabl e accuracy. On the other hand, the r

the possible setback brought about by inadequ

5.2 nfluence Eofr oMu IStoRug@ scietsi comi ng Per f or mance

This section exami ndsomohocvw wartiiat i(0SINsR)i, n ssit ¢
mul tipath affect positioning accuracy at stat
on epwplch processing, ensuri ng tehvatl uaa el v

influence from prior measurements.

Figures 5. 6, 5.7, and 5.8 illustrate that

el evati on, strong SNR, and mini mal mul tipath,
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t haamepoch, wi || undermine the solution. Thi s

positioning is an inherently complex probl em
Whil e high elevation and SNR of a satellit
mul tipath interference can seri @afNSC@, dirse¢0oe t

some occasionseliewawhioanh satkelgd¢hte suffers fro
degrades the overall specswoadchy.$ e we echaeattaddidaint els

bubhecause of the higher number of t rvalcikeerd s a

i ncrseheereliabiliitonjéj.of the fixed solut

Moreover, the interaction between SNR, el evati
to the analysis arises from interdependenci es
and reduce multipath. Howewi etrh, aadamfidxe coafmb i raantdi

opposhagactenestwiwdabfaveonditions and -anot he
comes into view, the net effect on the positi
compl exi ty ari srees ment rti lciss sfuccrhm aheSNR and el e
contribution to positioning performance canno

bet ween these factors that dseocliudteiso nosn ath ea noyv eg

Figure 5.9 shows scatter fdlbotts zoofn taavle rpaogsei tSN
at the stations KIR8, ASCG, and CHPG. The SN
frequencies (up to four) and constatl aniepsch
The correlation coefficient t hat measures th

hori zont al error is provided in each individu
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Correlation: 0.03

SNR (dBHz)

o8

SNR (dBHz)

0.0

0.8

SNR (dBHz)

o o ...o-

. .
. . e
.

. . .

0.0

0.6 0.8
Horizontal error (m)

Fi g e Scatter plots of average SNR values aga
stations KI RS, ASCG,vaadnde GHPGcalEkauclhat @8R as t
frequencies (up to four) and all constell atio
For KIR8, the coefficient of correlation 1is
bet ween the average.DBNR @®@mdnhesriazentralt hemr airn
possi bly mefalnthatgi 2 dhrattalt herror at this station
of SpPpNRobably drueblteo en viiarvoon ment t hat does not
bl ockage oYt atthieonsiAgSl"Cad .yi el ds a correlation <c
very weak posiettimee nr alvetrfidames ttSiNdO fetnad iem r ohe T
aver agtechusNRsuggests that higher horizont al er |

val ues. Thi s
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component of SNR and positioningFerr €H® Gj nth

correlation co®f fli0gi,emtndii € ane gt iaveve@k i nvers
fl dbari zont awea&kemrcofMimalyatsiugmgewdl udat | ower h
|l oosely associated with higher SNR values. W
correlation reflects the complex interplay of

includialg oV id mdonbnsetnrtuact i ons or receiver chara

Figure 5.10 shows scatter plots of average
errors at the stations KIR8, ASCG, and CHPG.

over all frequencies and constbbluptions (GPS,

Correlation: -0.02

KIR8

Multipath (m)

0.8

Multipath (m)

Multipath (m)

0.0 0.2 04 0.6 0.8 10 12 14
Horizontal error (m)

Fi gbl® Scatter plots of average multipath val
for the stations KIR8, ASCG, and CHPG. Each S
frequencies (up to four) and all constell atio
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As fiigpure 5.c9l,eamhreleat isomobet ween average mul
positionasngshaoawmrisn Sts&IuR&MASCEGO0armdae®HR&EI| ati or
coeffsoti @n04;0.0M86p»peaxshdoweing appr oxi rmat gleyn ed ad g
correlations at al | tmary ened | < tatdhed airhsaf tlau een cwee af,
mul topabthbri zont al posi triepmiersge na cecdu.imMime t hies en dia
environmental characteristics of each station

relationshigpndemwktethp BINRR|] zont al errors.

I n summary, the combined analysis on SNR, el
to identify the cause of an outlier in PPP sol
invol ved, the result may eémpoddhi gowd ewr hbgtl isc
complexity in PPP where many factors intersec
the positioningomcpuaaciycalf &N® ISi cations, as |
into consideration the complex relations that
these challenges, rigorous statisti Aalalmwslitsi v
wi || be employed i n anhaelwbtsdlsdowi hgwsactiedan.er THh
various factors that affect positioning perfo

the dat a.

5. 3Principal Component Alnmdiycsatsorfsor Data Qual.i

Pri nocimpaolreealty si s ( PCA) i s a statistical app
data while preserving(ldlel imfofseg & PG@aADitea,t cx®ITEG
number of compl ex dataset di mensions by mappi
number of princiopal compudmreairtitstohnd hef onmae nt o dreai

that are most responsi bl e f or avnaarlbyasciosmes N er p
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usef ul in cases where sever al satellites are

effect due to SNR, elevation, and multipath f
approach. As concluded idnfttheuprtegvi onugsed ec tmi o
factors alone iIis responsible for outliers or

I n the fieledeafcGNSBCA ihmst hb eteme aippd li &tdi on
beharvd oandmentdaadfae i nt er pr e tDotnigo @.0 0Bgp| i edt BG A
with the pur posennmoho deexrtarasc t (i QMEtsti)hmeo fs e&NiSeESs t o
noi se and increasSi npiokairtleyondleyeb2@RPBpan. exter
approach for extracting CMEs fr oSthemcetmpdle.t e( .
al so developed a modi fied PCA approach and ex-
from the incompl eAddiptoiddin aeolnyatmpnide2nieéhQileeds a v ar
bayesian PCA (VBPCAaxtheetbawdthngpi 686E8g val ues
technique was showcased in proving the best
retaining signifiZhantets tadpp |Is(tadc2a®)C A eiant uirretser p
data i4#eIGNE&d i n preciphaesadl et waites ivialpwstrr a
accommodate mudatia aarnidatper o0G/INSdSe i nsi ghts into i

positioning performance.

Building on the above, the current analysis
CMC (which captures various error sources 1inc
and noipsrdeirtesarmdial s f or p spehuacscer ammegaes ua rednemd rsr if
stations KIR8, ASCG, and CHPG that have diff e
dataset foprf@mMNdsi dCueCl,s f or b ot hp hpasseeu daorrea n@wee re

frequenci€seqikPacyoufepdaesent atiucref al in provi
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view of how errors and metrics of data qual.
remains the only variabl,astihatdesal s ndiependewt

i's inPtChe Isskycontri bute to the reduction of th

with the intention of wunderstanding how each
mut ual i nfl uence on positioning tplke ffoirmamncer i
component ian dciocnabtiensattihoant of | ow SNRt andsihdgdl
responsi bl e for mo st o f the vari abhillig yanmt hte

component may indicate thaphahsieghr eSsNRd uaallosn gc owi

goaer formance at station KIRS8.

Hot el ksigugadrse dfh i s a mul tivariate statistical
means of mul tipl e gWMaocsuopns &d iYfofwenrh | s iB@rlitifsieada n tnl
with the PGQAIIlIttd vmeri fadrem a n aloynpiosTemdt sa phpel ipcraitnicc
Hot el ksignuga'rse dTointi stx ticirsuci al for testing the pri
PCA,n identifying significant deviations in t|I
the robustness o.fT hesugtutairveadr i sattaet iasntail cy sfeasr e ach
tdet erwhiimcéh combination of data quality metri

mean andwhdfeanet din£sdrive the. variation in PPP
5. 3War kfl ow of PCA

Figurlehéwd |tolwe hart metwoa kdIll coogy eodff oRtGCeed on K-
ASCG andTIEHPGL owchar't hel ps in visually demon
effective processing and analysis of data qua
designed to ensure that the dat @rarne der eaneramd e

insight into t hemepaesrufroernmeanntcsee of GNSS
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LOAD DATASETS

PREPROCESSING OF THE DATASET

PERFORM PCA

CALCULATE HOTELLING'S T-
SQUARED DISTANCES

ANALYZE SIGNIFICANCE AND
COMPONENT LOADINGS

SUMMARIZE TOP CONTRIBUTORS

Fi gblrle Fl| owme hlao doofl otghye wor kfl ow of the PCA ana
ASCG and CHPG
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Loading of fhe datasets: from KI RS, ASCG and
environment for processing. Tred exevat 0o@inai rSNR7
across four frequencies (SNR1, SNR2, SNR3, SNI
frequencies (CMC1, CMC2f,i tCMG3s,i dMC &) ,f oan db opgrh
car-phase measurements aR2,0sR3foR4 dmceqlule,ncl 2,s
is the satelliteds angl euaalbiotvye atnhde vhuolrniezroanb,i |ai
err &NKR. vabkbbteisghal wsttrbemegt hyepll weslgy recepti on.
mi nus carriertobeexnnivamdlesr aifslacddompo@@missdhaodni ng
accur a€ydut Pedsdudbs ange-phaarnsd coreeraasivenrd meat er s
measuriemceonntsi stencies, wiltarpjoatregneimaded iedu alrs oil
even outliers instheldcatad.i olnn atnlde Sd&NrRalays®e U s ec

indicator s, CMC as a bafdi tdanebp mgund b g yng-endacaa t

phase meaisduernetmefnyt smeasur ement inconsistencies.
For CMC, it is mathematically defined as:

CMC = (®oedued o(r ange inCeaarsrcareerpniegars ¢ measurEmed )
CMC = 21 + M + m + e (5. 4)
wher e:

X
I

l onospheric del ay

x M = Code multipath
x m = Phase multipath
X € = noi se
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PreprocessingBeffondet laatapeltacuastuiaoln yo fs tRaGAd,ar d

normali zed. Standardi zation of data involves
standard deviation to 1. This step ensures t
anal ysi s. I n PCAgegsiwinbtl|l acgéedmagariatbés ma
Standardi zation of wvariables in this respect i
two variables arnte ndhte mamre abmmpertwath | arger
thus biasing the results. Standardization mak

model st @ahdarwhisz aatcihdreved bgcaradsul ating the z
a«Q — (5.1)

wher e:

X tzscor e.

x wvalue of the data point.

x ‘mean of the dataset.

x ,;standard deviation of the dataset .

Thesczore indicates how many standard deviati or

Per fionRg8 ARr i nci pal Component Analysis was then
for the purposes of pattern i1dentification &
summari zation of data through the wumazmomsfreld matei
vari ables, known as principal components, tha
Cal cul at e HagtuelilesdnagA tsé sTr PCA, -shautaeleldi ndgi'sst aTn c e
calcul ated to assess the niulet irveaas can eb ehigmd f

Hot el |I-s qywarsedl approach tot codcdptlmewartitl@dzyee £ CA
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accounting for corarned atte sotn swhient htehre ddaattaasseettss ,h .

from t Mehimeamp.proach is deemed as tmatriestried alalby er

of di stance by scaling with wvariabsl imay hemhbt

defined as:

Y ®w o Y o o (5. 2)

wher e:

x wPCA score

x cimean BCAt&heores

x YcovarianceP@Atscares$ the

x Y:squared distance scaled by the covarianc
compared to the multivariate mean.)

Detecting @i gnihfiisc asntcaeg:e , the computed distan

di stance range were checked for their signi f

understanding the reliabil iHer eo,f ad actrai taincda Imatyh

on &n sRERribution was usead atrce dd evtad cute swhairceh sad fg nti

l evel of 99% with the notation of 1% | evel 0 |

l enwel ps i n sicgmigf itchentllikerlacdwod of false posi

and robustness of the results with 1% probabi

hypot hesi s) .

Analyzing Significance lanndt hGosmpotnemss qiLliaeme d ng
di stances are traced back to the original dat

individual factooombigoendt iri wuok tbetBerdndciupalhec
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classify those meaBhirememdscse as dmablgasala tdet ali

measurement and pinpoint specific variables t

Summari zing TopFi@adtl ryi,buther srresul ts wer e s ummze
contributing vartroabhesrstbaddtWwhischevVariabl es
in determining t Hertdhget af rgeuqauleintcyy noeft raipcpse.ar anc e
contribution, and cumul ative contribution are

how many times each variable appears among th

signi fcitcoarnst tfhaat cortprialb etdé t o the analysis. A
contribution provides information on the prin
cumul ative contribution outlines whichevariahb

metrics togetdledrerwihlnlc hgnwabrliembilres are responsi

throughout the dataset.

5. 3PEZAResults and Discussions

The results are divided into explained vari

contributions, detection of significant wvalue

5. 3.BExpll ai ned Variance Analysis

The explained variance ratio of theFpgruirreci pa
512t can be seen that the first two principal
of the total variance. Specifically, PCl1l expl
with the bad station, CH®PGhyaatehrea@g@eCtGx a mat el 4 ¢

and o8 at abotlhi 20fi ghest percentage iscf the
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because the first component <captures more of

mar ked variations present in the data reflect

Explained Variance by Principal Components for All Datasets

25 A E KRS (Good)
HEE ASCG (Average)
B CHPG (Bad)

Explained Variance Ratio (%)

PCl PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PCl0 PCll PCl2 PCl3 PCl4 PC15 PCl6 PCl7
Principal Component

Figblr2z Explained variance ratio of the princi
015, 2024

Similarly, for PC2, the explained variance r
by dweraangde t hen good stations. This trend acro
data from a bad station is more variable, the
i's more consistency in the measporeremens s.tIFere>
variance declines rapi dl vy, showing that t he
variabilite,amade Nhloer ef o much use when reconst
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ThE gur es hoiwks8 PCA r ekSluUR8 s( Gaocaddv,emAage@Gc CHP G

( Bakgaach dthatasiesrc,r (elee fptis)cta tatoedrD R A tac 8Dtoefr pl ot

PCAM scree plot, shown on the |l eft, visualizes
and the cumul ative variance. The blue bars s/
individual PCs, and t he red | i gereegd & ®lse dt h

l iinredi @3 %k sctuhneu | at i e dweahryi @ rhcee n ¢t imd@e p | naafsnt$ Dsf

the variabiThitsy timr e¢shheolddatwvaas achi eved by ret:
the good stati ocarv eaatgpell2ad ogt dtoit thnd Hegus ko twn 181
This threshold for retention ensures that the
variance of 5% is rejected, wimitdglaselotwmoni mal
di men®iCAnakatter plotesjeaowhedewbhpridbhébpirbs pom
(PC1 and PC2). Nor mal points are those obser
significant points are those far away from th
The station KIR8 iasf relpoeesemdiedt o ywiat vl fusw egi ¢
stabl e -qaunad ihtiyghdat a. I n the case of station A
avervaggleue i ndicating moderate variability. L a
CHP&nd | ow qualitgninhhegentelgrdd ane S8&®Climak att er pl
which extend the analysis by projectimP@l,t he d
PC2, and PCBemrs| Tetitdsoemb e tvtieervh odife @ asepar e aidn oau t

hi ghiemensi onal space. t iKghRiBstagainf srhorwsala poi
si gniofuitclainetr s, consistent with iIts -eutopgtpert
showing significant hdisvperregaedn coef. sOdHEnG mMia acsainacrela ii

space; thiszdistrst Heow e@mpHaoagsimance | evel and pre
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PCA Scatter Plot 2D (KIR8 (Good))
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FokPC1, the |l oadings show that at KI R8, bot h

frequencies contesiebuhtieg mdlgonai tf h acgasntthleys.e Tfhact or s

in determining the principal variance for t |
represented by red bar s, prefit residual s ovVve
indicating tpaortperfobsmaved is | i kellyi nignfl u

i naccuracies or residuadly biliasedarASCGhoepr as e

where some prefit residuals and CMC values ha

be int eRCGEdsihaccvwes. a much wider amplitude of wvar
At KIR8, its various contributions are more e
hence they are moderately infl oertriadll igmuailtid yc

The contribution for CMCe rvfad runeis@ gPogti anfabt Ge@Gs, sahto w
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mu kvtair i ate contribution, including prefit res

influence its second order variance.

The difference in |l oadings of PCl1 and PC2 in
measures of the three stations. At KI RS, t he
suggest a very good performanbetumderfr romt i pmal i
and CMC at CHPG suggests problems in reduci ncg

represents a mix of factors corresponding to

5. 3.@2et3ection of Significance Values

Figure 5.13 presents the 2D and 3D distri bt
identified usiquagr EBdt enkelt hogds The t odvadr asgamp | e
bad datasets were 100,487, 86, 3-BOur acddt 39f 90 M@,

015, 2024, for | GS stations KI RS, ASCG, and C

The analysis detected 1,486 potential outlie
(0. 5%)avienrdaignees et , and 692 potential outliers (
dat aset having fewer total observations, it e
dataset. This suggests that tdetdoevteri umodr ¢y
significant deviations, |l i kely due to factors
incrmabedpath effects. The relatively higher g
its high sample si ze,-pemafyorim digc asttea tti hbants eswepn

anomal i es, reinforcing the neeBPPosofrobuehser
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5.3.2umMmary of Top Contributors

Vari ables with high frequencies and contrib
significant contributors towards degradati on
variables with the | argest aanalsutaes sloca Git mgls
significance are identified. These wvariabl es
significance. A threshold of 10% is defined t
contribute to thesesitgmat i cansestadtl|ly do so.
appearing as a top contributor across all out

as top contributors across multiple segnifica

Fi gurbeasnd®.dékdi ct the frequency percentages o
causing the significant values in KIR8, ASCG
respedthi gealr¥. KIR8 as the good dataset has th
3%%. This shows that it is an i mportant facto
true as hi ghsieg neavla &p remdruacnegnh eaacscuur ifeantreen @NISS t o
smaldliesrt ur bances fr ogm aatt reonsnpah ese nosuildE ilvigi gttsyh e f f €
condi ti oav.e rFaogudn itchhre accounts for 10 %, and bad
el evation becomés sl seweqdshipsortthaaentt .t he satel |l it
responsi ble for theavpeoangerb agdyirad & it ayg emaadt g atdit chre

data quality metric for good PPP solution.

In the good dataset, t he,ev.agd . S&8R10f sSBBR%anmaedr
72%, showing a strdmgavvecgiaagé switt, h SINRSs piegmiceh g .a
| owe rSNRLL.)0D %S NRL2% which i ndicate that this dat

strength but may have more noilse tdree ebpaidn gd aitna
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Figbhr® Frequency percentage of variables as t
detected. Top: Good station (KIRS8); sMiaddloe:

(CHPG) on DOY 016, 2024.

CMC (-modaarrier) appears to behave in the op

l ow in the goodb53gt dudt | hearvgea@aE@Cand hei gni f i

in the bad dataset (49.13% for CMC2 and even

in the bad dataset i ndicate 1increasephadieverg
measurements, which i s lotfitpeant m osri gsni gorfale rdeogrsa
i ncreases, It sugogestsse tamed pmrresagareae dafs cmeoerpea n c
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