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GNSSconsists of three main segments: ijthe space segment, ii) control segment, and iii)
user segment. The space segment is the GNSS satellites orbiting Earth at different
elevations and continuously broadcasting theirsignals. The control segment is ground
stations monitoring the health of GNSS satellites and providing necessary corrections, as
updating their orbits and clocks. The user segment is GNSS receivers on Earth controlled by
users for various applicationsof positioning, navigation and timing

126 GNSS satellits are currently inoperation. They are controlled by different operators and
transmitting signals in different frequency bands. In addition, they are orbiting Earth at
different altitudes, including: i) Medium Earth Orbit (MEO), ii) Geostationary Earth Orbit
(GEOQ), iii) Indhed Geo-Synchronous Orbit (IGSO) and iifjuasi-Zenith Orbit (QZO). They are
classified into six constellations as shown below:

Table2.1 Characteristic of six GNSS satellite systems

System Operator ~ NSAT Orbital Frequency MHz References
MEO L1 (1575.42),
GPS USA 31 (20,200 km) L2 (1227.60), [1,28]

L5 (1176.45)

GI(NP ®Y HOMZ RWYIOT P
MEO Gla (1600.995),
GLONASS  Russia 24 (19100 km) G2 (1242.93871251.25, [2,28]
’ G2a (1248.06),
G3 (1202.029

El (1575.42),

E5(1191.795),

E5a (1176.45), [3,28]
E5b (1207.14),

E6 (1278.75)

MEO

Galileo EU (23,222 km)

|
o

B1 (1575.42),
B1-2 (1561.098),
MEO, GEO, B2 (1191.795),
IGSO B2a (1176.49,
B2b (1207.14),
B3 (1268.52)
L1 (1575.42),
L2 (1227.60),
L5 (1176.45)
L6 (1278.75)

L5 (1176.45),
S-band (2492.028)

BeiDou China 35 [4,28,29]

QZSss Japan 4 Qz0, GEO [5,28]

IRNSS India 7 GEO, IGSO [6,28]
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Thelocation Y 'n We t 131 Kk tbasicalytieliRe?l vidtridtgdlatibn, where unknown location

(user) is determined by measuring the distance tgeveral known locations (satellites). At

Gt quWNWt ¢cqUGORaqt Wel Wl Whue RI UT WaVYWGHNSE RULW a6
satellites are continuously broadcasting their signals Each GNSS satellite signahas three

main components: i) code, ii) carrier, and iii) navigation messagé.he navigation message

contains satellite information, including its location. By collecting satellite signals their

location can be known.The distance between the satellite and receiver can also be found

from satellite signal using its codeand carrier. The codebased distance is called pseudo

range, and the carrierbased distance is called carrier phase.

Once GNSS receiver receives a satellite signal, it creates a replica of its code to determine
the signal travel time by measuring the delay between the incoming code and its replica.
Hence, the distance between a satellite and receiver is the signal travéme multiplied by
light speed (i.e., signal speed)30]. This distanceis code-based distance and known aghe
pseudo-range. In contrast, the carrierbased distance is the sum of the carrier cycles
including the fractional cycle multiplied by the carrier wavelengt{30]. Both pseudo-range
and carrier phase measurements are negatively affected by error sourcEommon sources

of error are explainedoelow.
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Various methods have been used foselecting satellites, and these methods have relied on

selection criteria. Based on these criteria, the satellites selection methods can be divided

into five categories: 1) satellite angles, 2) satellite signal power 3) Geometric Dilution of

Precision (GDOP)4) Weighted GDOP(WGDOB, and 5) positioning residuals.
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satellite's location relative to the earth’'s GNSS receiver is critical for positioning accuracy.
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Figure3.2 satellite line-of-sight vector
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where, i 0 WO Yis "YU Wuctuation for a satellite during T period, N is the total number
observed(epochs),”Y0 "% "Y0O WValueofinepoch,, ig@he meanof Y0 Walues overT period,
and "YQ (X & iQ SNR fluctuationthreshold, which was set to 4dB because multipath
affected satellite SNR value to havea std around 4 dBn preliminary tests [43] .
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Table3.1 DOP value rating§d1]

DOP value Ratings

1 Ideal
2-4 Excellent
4-6 Good
6-8 Moderate
8-20 Fair

20 - 50 Poor

Due to the importance of GDOP in positioning accuracy, various studies used GDOP in
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Figure3.3 The tetrahedron of four satellites
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@& & p (3.16 )

Where,U U issum squared residuals & € p is the Chisquare degree of freedoma
is the total number of satellites tracked,¢ is the number of estimated parametersa: is the
chi-square distribution, and| is significance level which is 0.001(0.1%]J118,119].

Step 3: Detection and exclusion fault satellte measurements via determining the
contribution of each satellite in positioning error. Thicontribution of each satellite is given
by a slope as shown in the following equations:

0 ©
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sz s O

Yo £ i — (3.18 )

Y
5 000 O (3.19 )
"Y )« 'O00Y0 PO (3.20 )
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Figure4.2 Ants food searching in nature, taking the shorted path for the food from the nest over
time.
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Figure4.3 Artificial ants searching for the best possiblesolution, which is the path between nest
and food. It is found (red line) over number of iterationsadapted from[150].
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Figure4.4 Representation of the GA processing steps T WQ i
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Table4.1 Comparison between optimization algorithms in different problems/studies

Algorithms Problem Best Reference
ABC vs. GA Ben.ch.rr?ark functions _ ABC [205]
Optimizing Heterogeneous wireless networks (HWNSs) GA [206]
ABC vs. PSO Benghmark functlon.s . ABC [207]
Maximum power point tracking (MPPT) system PSO [208]
GAvs. PSO th|m|2|hg Heterogeneous wireless networks (HWNS) GA [206]
Timetabling problem PSO [209]
Satelliteselection PSO [99]
PSO vsSA RN .
v Multi-Objective Land Allocation (MOLA) SA [210]
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Table5.1 Features of Leica GR10 and GS10 receivsr

Receiver Sat System Frequency Channel Recording rate  Reference
GPS L1, L2, L5

Leica GR10 GLONASS L1, L2 120 Upto 1 Hz [212]
Galileo El, E2a, E2ab
GPS L1, L2, L5

Leica GS10 GLQNASS L1.12 120 Up to 20 Hz [213]
Galileo El, E2a, E2ab
BeiDou B1, B2

Table5.2 Features of Leica AR25.R4 and AS10 antennas

Amplifier Noise

Antenna  Sat System Frequency Design Reference

Gain figure
GPS L1, L2, L5
GLONASS L1, L2, L3, L5
AllizlgéR4 S:ilgic; Ei SZBE;b’Esab' = 40d8B <l2dB choieDring [214]
QZSS L1, L2, L5,L5
IRNSS L5
GPS L1, L2, L5
Leica GLQNASS Not spec?f?ed 29 +3dB N(.)t. Compact [213]
AS10  Galileo Not specified specified
BeiDou Not specified

ANuxefl7200 YP USROG M &t T WnY! WGI YHRIIE URU M DAL &SW0H18 g ¢ K
b Ynagd ORPMYGUT WH! WNEt ¢Iba Wiclljolns i WRT BIdHIBRMI WGE Hi
b Ynas el 39 WREERID ¢l aqReUnALY U 2 &bl i R Yo dLReUANLLIASN u A x § Nb A WE |
b ANUMER ux f G EDWE EILT ¢ ¢ WRUWG2 GqRGO WA YT It W 2 ¢
AAAWWEUYI GYet WU2 AU WYnWt qal RIt W6e¢c2dWet IT WAN
ANuxf 7 WRY WERNG O ! WJENIRGR AL ADNL ¢ 106 LGS FIP1GeR Wwe Y U 3 N
ql ¢ #HIALN3ITWIEG AHIJL + RAGIJIOWNG 2t ALWRd WRBWHEY R G ¢ B &1 WY YL
FROUHQUT W ¢cqPlidRalt WHEE BIHR Want 1020136 BRI WH W 16 A B «
I 1Ja et T 1IORA RIS MG OYLP LSO (@10 Ws ¢+ Waqdé WG ¢ qldt ql
Gl YTUHGQU qc¢l qlIT

CRNDBWANI nY!l Geclledps MI¥BlqRUDNOUR21JI + Ra! WYnlW YqqR
b ¢ aq ) ictARGUR MOIRHAC qJt WHYIHRUcqRYUWY nWHY G Ge qRUNDWI 1
GUl nYl GcURIUDWqbc¢c qWRt WT RO RA2 Oty THCR GG & KR A I 1J LW ¢

R\



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

0CGai@HMD RGCHIWWaqY We UleUlbie 118 & R UM atd d dId)!qud 136 A1)
FHEY YO WY OLUBIY G W0 el 1JWe G Y W MMW9 AOWHY I 13t we Ul
2 GlWq Y WTULL e TIARSINR7YUDY n Wt q YW e NWWRY WG Y2RIT UT 1O

(T T = ~N

Define The Suitable | Adjust Optimization I
Optimization Algorithm | Algorithms |
N J

R L

_____________ { Define The Value of |
{ Define Possible \| Define the criteria and | Optimization Algorithm :
| Selection Factors with —l——— process for satellite |\ L _Pa_relmet_eis_ )
| weDoPRAM | selection I

| | S )

____________ |
{" Define The Suitable | : _ | GNSS Data I
| Selection Order For | Experimental evaluation I J

f Satellite Selection N
I WGDOP-RAIM ' °
N / Method
I I (- T T = N
U S — o4 T4~ "} __ | cPssateliteSelection |
: GNSS Data I i’ Static \I { Kinematic \I i’ Stgtic \I I Implementation |
| | | open-sky | | open-sky | | Multipath | N—e——— /
/ | | |
N ——— | Test 1 [ Test I [ Test I
—l —I —l (T T T T T T T ‘\I
____________ |
N .
{ Satellite Sslecti | (T LI N | Results Evaluation :
I atellite Selection | | I | )
| Implementation | | GNSS data | Ne———
N / | |
1' N /

____________ \ o
[ | / \
| Results Evaluation | : Satellite Selection I
| )I | Implementation |
Se——_——— \ J

Figure5.1 Flowchart of the project methodology
PIKNI3ZUUWq6JW 2 Raqcec HIWWYGqROGRAcCqRYUWEGNYI Raéa
NYW3x@Nwa Y+ q Wt e R q ¢YAJigl R GRUATE Lbj IR $haYRUakli (D L FRay (S LO LI O 1 # q
GUl nYl ¢ URIDWYNW32IJWYGqRIRAECqRYUWETGNY!I Ra6 Gt Whl
b ¢ qld0d R a IJEAUEEINNIA gRRAYEUGOULRS 131 I WE YT R3IT WaqVY W3 qllg VY Waq
56 RGNVWa6IRI WHRYGGYUWGeE! ¢cGlqll W2c¢cdedt Ws I YWel T

MN



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

CGGURIUT WRUOWYt Y2101 ¢cdwt #RYUCI RYt WYnWt ¢cqUUadRalIWt 13
HYUT RqRY Ut towf UWe i W d B W E iy Id g ld o dlig WY& aqROGRAC
9 A1 ?28AWGE!I ¢ Wqll AWYnlWs 6RAG W6 WG RURGIzRWUIRLE G 2
YGqRGOc¢OW] EE WReEaIUNIR2R afilEdt geRAv UdlsYiaUla 6 WY GaqR G RA¢ q R
HYOGGe !l RUNAUmd A2 At DWYNn W6 DRI WYGqRGcOW ¢qliddR
YGqROGcOWt ¢cqUITRqUWt 2 At DqWT I R2 1JT IH'MRIqYS dlldd dIILLARD+
| Ot edgqt WROWqWI Gt WYnWt ¢cqUiadRagqIWt DGWHqRYUWE HAR I
CUGNYI R6GWNY! WAL g &R GRWIqGH tICGICARRY W nYI WqsJWIT 13
Gq6 YT YOaVyYnN! WYnuwt ¢qUPUiadRaqUIW aWEqRYUWbt q¢ DIJW= b W
Ol

PIONIONT 2t qWUIYGqRORA¢ qRYUWECaNY!l Rqé6 Gt

] EEW ¢qUUORqIW 30 1JH 6 R WEilEFRIGILIALIE 2 RILLFY IGIgdRId IRAE IC Y IR 10
clWy W+ GWRARRGIT Wn VI Wadé Rt Wa! GUWYNWGI YHGIJG IOWNGE |
CUWRQUI ¢cqR2IIWH el AAWGI YRt RUNDWqYW3U0T W6 JWYC
Rl ¢cqRYUAWUWs Wt Yie qRYUbt bWel BWNUIUWIL ¢ qdT OW 79
chll e HqRYUcOW2¢cte JWet Wad ! Ws W3 WWI 13t RDOUWT Wn VYl W
RUqUNUI WOz GHUI WRY WeHANDGqUT WRUWq6 W ¢ qlddd Rald LW
H! WA6 ¢ UNR UyBUbiolél 1018 CRINDAIVWUNRY | W6 idld RE ALt sliiedd GYGHIG! I3 1LY e
b Yie qRYAUIIRRMBRNY EU DT 2 HUWHY A GO W+FRq! AWgé IWNILIUILI ¢ a
51 W YeUT UT WagYWgs wowe!l 3t quWRUqUNUI WRUWWJE H#G WR
fOWelT T RqRYUAWq6 W WNnYel WYGqRGRAcqRYUWEONY! Radal
Il eGiRAcqUW2c¢tedt OWf Ullg6 WWHEEH JWYn W6 W] EELW ¢ q
FeqUWIOGRqUWHEY2GT WHRWHS Y WUWaas RAIIWRIY Lyadd 13 L ta) R IY ) dCh
CTT1 Ut Wa6RY WGI YAGUWG Ws Rgé Wa 1t + WRUqUI nJl WUHDWR
5Cct WHGWHE JT We qWaé JWIUT WYnWJIecHSWRaII ¢ qRY UIOWF n We
I JTWHEqIT aWe U7 We WUWs Wt Yie iRy WRIE I3 W audImWIie & fe D1 WWg
Rqll ¢ qRY UtoOW

f Ullq6 Rt W gqal ! A6 IWYGqRGcOW ¢qUTGGRalJW 2 HE Jat L
qé6lUP] ASAlWs 6RAGWRUT RAc qIt Waqd WAt quWGYqUWUaqRe O
NR2IJVUWE2¢cRIUCHOINW] EEWY ¢qlidRqlIt HOWN 6 Ya URAESE WL LI
DEHRHUGqWnY! W 98tOW 98WYI RNDRUcHYII ¢urs R U ril Aol 6RaDATRIY alll
56101 JWeUqt Wt Wel H6WNnY!I Waq6 Wt 6 Y1 qldt qld®@d d dlldd YIILLLL
YGqRGOcOWt YieqRYUWACH DT WYUWaqs Y WAL TRRHIA RE B IDLBIARIS dlb
bt Yie qRY U U INRODHESDS W s RN qI Y nWqé WWas YWHI RdjIII Re LL
AHlgqs JWIO0W YaeqRYOWGWGHW! + b WYOWZUT RUNDWqS YWY GaqRUG
2¢cle It WY s ¢ UG SERMHLE D g1 + AW Yt GUHEqR21JG! oWf Ullg 6 F

O



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

9 A]?28AWcUT WqdWWT Rt qeUHNDWHNDqs JUOUWq6 WY ¢aqldadcF
t YieqRYUWhec¢ctoRg! WeUT WqdWWT Rt qecURNDWHNDgs JUI0OWH4
b eqlidRalIt WAIC? 8IA WK WIS TiLBGBULELE 1IN IBGfLdIa Y WA 131 Y LW

PIONKDE; U W6 W2 ¢ e 3t WYNWE GqRARAECqRYUW GNYI Rqd G U

N6WJW2c¢cde Dt WYNWq6WWeaNYI RO6GWGE! ¢alaqlll + Wel YWH
YeqGeql ¢ Ul W dIFIMOYORMIBEHYIWRUNDIW q6 W ¢ GGl YGI Rec qllLW
Gel ¢calaqll + WRcUWHAHPWIT RO R H AN ARIBLG I W q 6 LRSI YL ¥ R1J
Hgqs DWUWq6 1t W2 cde llt N me O lagéHRiLEY @é RT SIWGSE We G|
HE Yt WOWHAet IT WY UWaqo6 BRI W qbl & ABO DWHY § DG ST BRE L
Nec¢l ¢cUqUUWg6c qUgéIW2¢c e JWYNnWgd It DWGE!l ¢ W0qdl + W

NYW6¢2WWeUWYHTUHQR2IWHAYGGE!I Rt YOWY N W6 WG nYI |
CONYI Ra6 Gt k WRYGOYUWGE | ¢ G N RO 3J UGS Wi g ¢JaTiJ¢ # IR A
YGqROURAcqRYUWecONY!I Ragdéat Wel WWGI 3t WOqWT aWe UT WRaq |
501 DWagédwt 3¢l A RUNWRqUI ¢ qRYUWE UT WGYGeidcecqRYULWt
NMMALWs 6 RAS WRt WY Ut RT 13 1HM U cRH | alddcd oYL cRANGISIBCHA 6 TRER VL
PO HOWc Ys 2101 AWg6 WWE WeaNYlI RgéalWsct WYl RNDRUcGG! U
Gct JIHE¥EGW qb6 Rt W1 Wt ql REqRYUW YnW q6WWGYGed¢cqRYUL
HY!I 1 13t GYUT RUNDRWRWUI ¢qRYUt Wsc¢ct WRUHAHI et UT Ws Rab L
CONY!l Rqa6 Gt We UT slH NI iD wid &/ U IMIMIMYAIN WR aq 131 ¢ qRY Ut WnY
Het DT wYOWaqt qft wWet+ 3+t ROUNW6 WWGHI nY!l G¢ URIIWY n Wa
s6RGVWeaOr YW V¢ RURUNWq6 VWE WRaWI ¢qRYUt Wa VY We Wt
YCGqRIURAOGRRGEEt Wet W 33037 WA! Wgé WWUe G HIJI WY n WR q

no



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

N¢ FERDIJIOGE | ¢ G lqldl K02 ¢ te 13t HOY n IO IHEE 2 IJIOYGqRGORA

gnyl | YacéqF ~¢URUN écitiie ANl WU
N6 JWGI YAGUa W RGWIUL RYU
HYUt quUiadcqRYUW RAN

79 Gec#f qNSUWGe+RA2GWU2GHNDI WYn NMM aNMIANMT ¢
GERAINSNWGYGed¢cqRYUWt RAW NMM a®d=AN=T4
GROGRWNSEVWEHeUT YOG NWUqWIRGRa ? WeLC ANPNe
Gec#f qNSUWae+RAG2G W02 HNII WYn NMM LLi
GERAINGWWGYGatcqRYULWH RAL NMM LUl

98 ‘ @6umu2¢GY[cmR?UM|¢qu” M FOP

N6 Wl Wi¢cqR2UVWRAGGY!I q¢ U N _
, N6 WW Wic qR2UWRAGY! qeU M AC=ANTS
A N6 DlWhe ¢ UqRa RIUNA LWWE ORLD NMM
Gc*f qNUWGec+RAGaaWU2GAHN!I WYn NMM

| GERAINSNWGYGedc¢cqRYUW RADW N MM

A+ N6 WWGI YA¢HRGRq! WY WHI M tOY A NMT SINT

Al N6 JWGI YHcHRGRq! WYnlWGe MION:
Gc+f qNSDWa¢c+RAG2GWU2GHII WYn NMM
GERAING WWGYGea ¢ qRYULWt RAIIW NMM

AES 1a¢+# @6ungRch0msUR06qi M HOd
TGRU N6WW3UchlWs JRNG qt M tOr
9N NSWWGI + YU¢ O WeHHADG I ¢ = A NOZ 7N i
9= N6 IWH YRReOGWEHADGWDI ¢ qR =
Gc*f qNSIUWGec+RAGaaWU2GAHDI WYn NMMNM
GERAING WWGYGeatc¢cqRYULWt RAIJW N
E N M N6 JWRURqRc¢OGWqUaG Gl ¢qe = MMN ANMNOA=D
31 3Tt @EOwWUT Ox1 UECOUUI Yoyl
N6 JWHYYGRUNDWNE Hq VI MO T

PIONIKOEE W? ¢ q ¢

N6 Wu¥@a| W] EEW ¢cqeclisct WYHaqe ROWJT Wn! YOG Wq6 W7z f ][ W
e qRYUWGYREqUT WYUWaqd DW YYnWYn Wad IRD eH-aRgRNIGRBLIE G
] EEWt q¢ qRYUWRY W HRRAGEIET OdjslJRIGIE Lo LIREE tLd A = P IOA N W
deldqRGeqdW WTUHqRYUWRUY qée¢aa Wl WwyUWg6 JWGROG e WY
sRq6W a6 W HEGEeHRgYW EEWE BVVIE TR W) & £#H@ROWE § B aIEWA
EUGqUGHDI W=M=ZNAW] EELWI ¢ qfcFsUn dIAGGYRIWNIEEIdao0) LS ERE 6
Baw2¢cqRYULW G ¢t tpBONIL HUcopYbfichiRld Ya'h Wl S Y0 | 1J0NIQ LD F A0E I 11w R C
] x 8§ E E @ENIM L T cHiieRafi 1Y CER 0PI LR

nn



96¢ GaHMIqWPY T YO YN! WaVYW3 0T Waqé WWred RGUERRY e U1 WaqllHGS

[ RNYAMEIIHD N aqfh H0é R1IJs HOE qqtOq 6 IOl YY nOYnto ] f IOHz R T
61 RN6 qhtoq 6 WKt & EdoE 10T HOY U045 13 FOET §DY n HOq ¢

All

GPS

34 - GLONASS
Galileo

M“W“ M”“““v WWW\ My

1 I um'L'Lr—‘hL,ul M uuMur LmlIJIL ILu]‘ ]'f"' [[U
HLTMJ S, gt Y

NSAT
)
=

0 é ; g é 16 12 1; 15 15 26 52

Time (h)
[ RNDWMAZK Al IOYNnIOc 2 ¢ RGC HOIJKO] EEO ¢ qlJ i Ra IO
YYREOGqUO HIDTHREEL YT

PIONGOM WO O RQUWEWIUHqRYOWf 6 GaWGWUqeqRYULW

NMI2¢c¢decqUWUgé W32 JWYGqRAOGRAC qRY Ui G WIURGUEGHM | SRLY di
] EEWYHI VI 2¢qRYUAWs 6131 UWbIRb W6 JW] EEW ¢qliddRaql
BIRRb Waq6 WU GAHD WYnWagé WYl 1 3t gYUT ROUNDW] EEWt ¢
FecqUUOGRUt Weic ARGz q6 AW G20 6 RWINANAL G IRIIR YU sURY S LLL
YAt U1 28 RV MBEUWNE I WY GaqRAGRAcqRYUWecaNYI Raéat Ws Il 1J
] EEW ¢qPUiGRqIt W 2 At Waqldn Y1 W GIJ #iRSYIALU q RECEILLH R Unadidil
GYt RqRYUWb¢c ARG q6 We UT WG W2¢qRYUb WRY WeT hue ¢ ald LW

npe



96¢ GaHMIqWPY T YO YN! WaVYW3 0T Waqé WWred RGUERRY e U1 WaqllHGS

[ VI W6 DWNR2VI0WIYHECqRYUWYnWg6WW] EEW q¢qRYULWbIRE
¢cUl We2¢ROCHOIWW] EEW ¢qUlidRqUt WeRIOWJWOW] AEALW] ¢ ORI
FecqUIOGRqUWaqYWaY20WYUWRat WY R A BH@LRH! diliyeU 13 Uil gl dbrd L 131
qROVWYnWIECHSWE2CRGECAHGNW] EEUW ¢qUiGRaUWgYLWGaY21
qRGOGIIWI V¢ H#G It We Gla Y WO W aARNVEToA NN GOR WG| ajd 2t RV 2¢t o}l Tiayiel
RUOqUI 2¢dWsc¢t Wet IT OWeYs W20 AWRUWaqs dWHz 1 1 30q Wt q
GRUz2 qUt WaqYW! Wl e#IWaqsWDWHYGGe q¢ qRYUWGYeT WYnWt ¢
Us GHDI WYNWIUGYHGt WA S R N0 KNG D &l 16 @R d) 1 €lldy I W &R ¢ Wt
FUGUEYUWLEZYYWUGYHSE AWRAYI | Jd Y E I R R L q ¥ LHRNEHD g/ § L
] EEWI ¢qc¢t WaltoWw

3 Il FTTTTTTTTTTTTTTTTTTTTTTTT FTTTTTTTTT T T GT TTTTTTTTTTT TT

I crs
[ GLonass
[ calileo

25

15

Mean movement timing (minutes)

05

09
2
3
4
5
6
7
8
9
0

[ RNDGHMNRAIAI | RYT IOYnIOt ¢ qUO G Rt DG Wec UG Y2130 130qoA! OY UIJK
cOTtowauzemRY OO ONG It

NYWHSYYH DWaqd6 Wt ¢ qllid dR]qAI8 ALAALE 2 LI Rl LGRS 1 BRI L R+ LU
UNARDt ¢l ! WagYWR+ql ¢cAqWbIRb W ¢ qUOGRqUWGE Wel YI ¢ 01
BIRRRb WNGW2¢ qRYUWCEUNTWt AWbiR2b WEARG2qb6WeUNGIIL Al
il cONWWYAY Ul 2¢qRYUL WeUT WUC2R0VE RN ULWG ¥ B EIB QB 1Jb LI
qYWT U300 WaqslWRau2cqRYUWcecUTl WeARGaq6WYNWWEHG W
RUNYl GcqRYUWbIt ¢qUUGORqUWAA AWYHAHL DI 2¢qRYUWIgRG W
t 6 Ys IRRBHEHIDHILIR-D NNk A= ME Y n q RO AHIAHIGq R G ¢ 0 Wie AdUDiG R q |
5CWNIURQRECUANBRGBRAGqRYUWCEGNY!I RS Gt IOWNGS IJWE ¢ qldc
32131 1 W3 2 WidaIR Uks diio HIH ik aldRmeR D) GLIE il 2 He) R &R T NHE

nz



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

% TIME (GPST) AZ(deg) EL(deg) CNR(dBHz)
2021/09/20 06: 242. 4.2 34.95
2021/09/20 96: 243. 6. 37.10
2021/09/20 06: 244 8. 39.25
2021/09/20 06: 245. 10. 38.35
2021/09/20 96: 246. 11. 39.45
2021/09/20 06: 247. 13. 40.50
248. 15. 42.45
250. 175 41.10
251. 19. 41.75
252. 21. 44.65
253. PER 41.15
255. 25. 44.95
256. 28. 41.05

2021/09/20 07:
2021/09/20 07:
2021/09/20 07:
2021/09/20 07:
2021/09/20 07:
2021/09/20 07:
2021/09/20 07:

COODOONOOOO®O®®®
A FRFOOUVIWE ONUVAEWNRE
® 00 WMN®N®HOOO® M

[ RNDWAMAEK) G i 1310V n t0q 6 13103 G 1310V n 10q 6 1310] A E 101 uj B & DR 0@ R R § 00 & &
AA elOé RRRRHIE ARGz q6 e t0é R2 HuORGTIBTiqRY Utoc UN G 1J10¢

| géﬁﬂﬂm EEW ¢cqPUiaRqIW DAaWHqRYUWADAEY G IJE WG Y JLW
teqUWIidRqUWHEYGHRUEe qRYUY WRUHAI et Wt Alls 6RHES WY AHEte |
] EEW ¢qUliaRqUt WRUWI WaecqRYUWqYWa6JWUe RIADT my n L
OY! DWHG IEReC dpfsRl 6

. EA

© TAt 1A (5.1)

56 DB g6 JWU2 GAYI WYNWGYHt RAGUW] EEWN ¢qlidRaqll
ne U qEMUNWYIIM 2 & HIJ1 WY n We 2 ¢ RitAdL® WU 2 B EWH dlby 1hil] R dEld
RUWaq6 W 2 At g Weit 2 At gt RAb

cHURUAWA! WRUHI ¢t RUNDW6 WWU2 GAHII WY nWe2¢RAcCHTL
HYGHRUBRRM ¢t JWT 1 ¢cadcqRACHO! AW aGect RUNW q6 W I2¢
CUNY!l Rg6 Gt WaY!lI ywaYaGow+woWwWf UWgd R W qal ! gt ¢ qlli
bl qlat We] AEA W] x § N6 IBAHE AL I0WNIY 18 d Rd RIY G AAMIIRLD & ol o F
POA W | Dt cdgqRUNWROWecWGEe! NUWWU2aHY! WYnNWGYH Y RAGIII
FROGUHgRY U WYY IR UPHRIQUERS 2J0Ub0@Ul H1IJ1 WY nWecaGaWGYHt RAHGN
HYUt qUG0¢c qRY EBABHYW aldgR ¢ gRYUWe I W WGRHEHqIIT HOWN 6
HYGHRUCcqRYUt WnY!l WewWUe GAYI WYnWNR21JU0UWaql ¢HEt ¢HO Y
b eqPWiidRagUWHYUHRODdaR R B WHI Vet Ut Wt RDURZHc UqO! UL
b cqUWUiORJt IOW RS WY W] AEW ¢ qlJd 0 |/ acld IUDci2R aRILEHAYTGIFFAARU
Rt WTMAWs 611 Wet WRUWq6 W WHeE JWYNWNOWE2¢RAeHT DU
HYGARUC q RIEUC IR LMz | + Wn Y W] AEW 2 A Wt WY n WS We C
Gde aqREEWAYUL qUiGd¢cqRYUAWs 6131 DWagdWWe2¢RacHTWIWOez
YnlWGYtt RAGUWWHRYAGARUE qRYUt WRUAI Wt Wt WT 1 ¢GeqRACT

nT



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

C2¢RUOCHONW] EEWt cqUidRqt AlNYI Ws 6 RHG Waq6 WG ¢ *
OMMAPMNMAN®P W¢ UlgLUYBEHEH & glhidYd RUPIZUEHaeRAT gt WY n WNP We (

Iti-GNSS
GPS 1 100 e 1350
18 Sat
- 31 Sat

100

% f o0l

80 80 -
70 70t
60 60
50 50
40 40t
30 30t

20t 20l

Number of satellite combinations *10°
Number of satellite combinations *10°2
Number of satellite combinations *10°3
Number of satellite combinations *10°6

10

\ 150
L TR 0

4 6 8 10 12 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Number of satellites Number of satellites

[ RNUMAIBID IOGYt + RHGUIORYGHARUCE qRY Ut 1OY n it (Elg! 1I3ONIYR aQap@HIYHOH cat 1.
¢cUT IOT®O¢ 2 ¢ RO C HO DI AE K ¢ EEIKDI dRay DG Ge ROg 1047 How Y RING 1) GO @@ R Y
¢cUT IOPTIHOE2¢ ROGCH®UMEI EEIOH ¢ qJi T RaqlIt

0

NI g6 WY GqRAORAC qRYUWY nWq6 W] EEW ¢qUliaRqliW
] A UG! Wt cqPIiRqUWHYUL q i &EqR YeUd & O IR 19118 Rty W n dy 10
] x 8 EEWcUT W] ¢caROINYbOW7c¢t BT WYUWaq6WIt YW as YIWHE
GUIMme URJIWYNWaq6 JWYGqRAGRACqRYUWCEGNY!I Radéat WRY We o
qé W3t qWwt qeNPUAWgS WGl nYl GecURIWYnWq6JW3213W
YGqRGRARUNDW] AEW 2 At Wat WRUOWT RO I 17Ed WD RIAYII LLdaf YIRS
FgenNUWYnWU2¢tecqRYUAWgE JWYGqRARACqRYULWIETNYI Rq
b BaWARqRYUWeHA I ¢/ WeUT WAYAGGeqe qRYUWqRG W Whe R
YUOO! WaEsWWHE 0T WYGqROURA¢C qRY e DY ¢ Repd o 15 LH & YILH
TROWI DUqUt RABEWY S @B&a®K[ILWE 2 HE Dat We OT 1J1 Wa Y1 1JLWH
Uz GHNDI WYnNW¢2¢RAGCHGUW] EEWt ¢cqUlidRaqllt WRY Wt RNUR
GYtt RAGUWY ¢ qldd Raq I LWHE Yl Il Gl Yo R YWD of@LUF 11070 ¢l Ll GRoajl REY
q6 UGk Yl G U7 WYGqRAGRAECqRYUWcEOGNY!I Ragé6GWsct WrRYUIT
2¢l RYet Wt DgaqRUNt AWt eH6W et WaqéWWUaGHDI WYnWRaW
GUIl nYl acUHUDWYNWaqS6 JWYGqRARACqRYUWEGNY!I Rad d oW

HAY! ARGOBDWGI nY!l CcRRAMUYRYUGHO MR FVRY &Gt WRUWY Gq
b2 At 1JrofPRIEN YT © ) D BI@& R gD+ ¢ G RUT IOWNGS WG Yt qit e Rage H
s5ct WHG Y WUWAC G0 LAY VIR o O det i 1800 o ks @ 0 WWn Yl WY B R O R £
FeqUIORqUWE 2 A INGLUIY g0 6 R BUWNEZAROOWL2 ¢ | RNB WIWE G N

ny



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

C TGN gt Allgé DElc BRI Bq@d i RgUIW DaWEqRYUWs ¢t WIJ2
F BGWARQRYUWs Ra6 W6 IWe AHgec i WYGqRGOGcCGLW ¢ qlldddRaldLWt
N6IWWN~WHE ATt Wagdé Wi ] 28AW2¢cte DWYNWEGdWGEYHt RAHG L
] EEW ¢qUUOORqUWt 2Ht Daqlls Rag6 Waqd WG Ys It qli ] 28 ALW2
b ¢ q & RigDgh OWce Ys 3201 AW3 0T RUNDWaSWWYGqRGCTLWt ¢ql
b eqUWUIOGRUt WE2¢RAGCHOUW Whe RI It WHSWIHE RUNDWOMMAP M
HYt gt WYWA! qt IOWNS W InY!l DAWGY!I DWaé6 ¢ U WM T iwdn u
OMMAPMNIMAN®GPW YnWt ¢cqUiaRqUIWt 2 A Wt OW + WeWl It e
YaqqRUNGcGWOUR2UI +t R! Ws ¢t Wet YT WaqYWT gl GRUIW
YGqROGRAcqRYUWecTONYI Rag6at 1O
PIONB@RC G2 ¢ qRY U WY n Uik @ WY Eq&REiIRt ¢ qRY
NEWIWGUI nYl G¢cUHDWYNWYGqRURAECqRYUWCECOaNY!I RadGt Ws
b BaWARqRYUWe ARl ¢H! WeUl WRRe Wt DaWHAqRYUW GUIIT OWE
sct WAYAGE! Ul Ws R6 W6 IJWE Hae ¢t WY Go\RD RGP & & LD2 & &Ral
YnlWecdGoaWGEYtt RAGUW ¢ qltdRaqllWsY a HRIDG 1§IRY DU 100s15R08IEAAL
q6 WAt quWt ¢cqPiiRqUWHYGARUCqRYUW s Rag6Walet qlli
HYOGARUB GREGRILR A ¢ q R% Y I BofdviLIl FRUIScEHEE 20 leqofIgLA W2 ¢ 02 I W
YROH W DGWARqUT WYGqRGcOUW ¢ qllddRaqld L re o dJdUINIFLE YHGEofiF
FeqUUadRaqW 2HE WagaAWwe UT wHY Ut Whe 13 U0GLIE ARSI aRdHI2 1| L
qé Wt DaWuegqRYUW GUUT WYNWYGqROGRAcqRYUWecONY!I Rad i
BUqRI W WG UHEqRY Glls £ Y YULUHIIGWIID @ RRYIU HLEAHOUE Y LKEXI | 7h Y W= dl
b eqUWIiadRgUW DaWEqRYUWA! WM~ We UT WYGqRAUGRAG qRY ULE
PIEINEI Wa 6 1J WHITRGEI | YREIAe WY nWt ¢ qPladRalIW WG UIHqRY O LW
fUl A GIRGAT | PA& A ~ UGS cROW | RO ! WHG Y 1JUHMICR dudyyl 6RILWETGYT | WG
b BGWAqRYUWNYWRAGGI Y2 UWaé6 JWhe ¢t Rq! WYnLW ¢pmplJiddRq
A f~WURUWt cqPUITRqUW WIEWHqRYUWs ¢t WW2¢tec¢caqldl We by
uclGcUW[ RaqWI WRUUY2 ¢ qiRIYIBIUGS IS DT Win Y| 18RI ODIN
T ROWI DUqW#HYIHR e R0 IRa Y U A LW q 6310 YIGLG R OREIW DG E dilLD
GYt t RAG IJLWNHA A 1) ABIAR-AUR U We 0 0l VIR R O & a B ¥ BYY KD IHYLH LW ]
FUIOVEMyRABRUBIg RWEE B WEBWWGYH RgRYURUN Wz ¢ G Raq! WY
GYt RqRYURUNWE2¢RIUCHRIORQ! AW RRRe W6 WUe GHIII WY
b YOBUIRYOT WelR2b Wad DWHY UqRUe2 RGN Id Hid R 0D s ROd HIR G @ ¢
q6 DWANY qEANR Qildgi2ldRE HYRY BILE RibWig&dmy Gl & 8o Ridq
b Do RY U

no



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

P HO=2KON U 1J WA YEHI O RIFHotREGOVL + LWs Rody 61+ ] 2 § A

NS I3l Wwe !l J3wa e U ushetHRyaye i Slenlé & =i LowaN=t LR T 31 RUN We + Wa
q6 1t DWneHqVY! t WHe ULRG G iF R IO BRi)6 20 Sapasird R@tapR 1LY Int Wa 6 1L
NUYG Wl ! WeUT Wt RNUc O WhecidRa! Alls 6 REG LS 13D WDog @ 1AL G
A f~WrRYUDERUDO R A URMIDNE & A iHGEEE WRaq 'R Y U R UOUIL H YU d LIHIgIREY |
i] ?8pA fHYIBIEID W6 WG Y qle GGl YGI ReqUWHI Rl RYULWnNY

CYs DERIqBW I RqUIWNUIYGUq!l ! We] 28 Ab WHRAGI Y213t Ws Rq6 Wq
] 28Ao0i JREAIT W ¢ qldddRalJLWLH Y WHG R YO LI § S YIimde 2 6 g R
EcaqliidRqUWE q WG GNIED &b M d aJRING FWdIdrzi2amtoudl ¢ Ad I Wa Y We g
DI KW NG 2t Auved IRIDDIDRARopRY UW e UNGWWBLO9E bWGE! WRAGGI
i]?28A f~OW[al q6I aYl AWzt RUNW9OE WsRadGWI WIT 2#HW
9YUt DhuzaDUqi! AWl g6l WUz GHDI WYNnWGYt + RUEAJE M RO 6 LA
TUHEI Ject DWqé DWW RoRHz2Gq! WYNW ¢qPlidRagqIW YaWHEqRYU

§UWa6 WY ad 3I~Wsecctiunal + JUgqRcad! Wi 3t RNDUWNY! WERUNI
GYsWGYt RGRYURUDN WS & GG mIddatl év0 13 & LG W & 2 NImE 0@ W a VY
T 1Waqll 0 &VHIRies RV G R G RIMCURIS IV GIY H 6 Wt 1) @EHI 6 Y Hild LU HIIE & YoyHLS
Fhugcl Uf (MMIREOD®WE Y qAWAAAWIGI Y2RIT 3t WGIAILE B HID W AENEY R d
Gt DgicYyUnuwe UT Wrel | RUI WG dIdle 19 B i N idRe § RO R 0N We |
I ¢qc¢c WGUMKIEJI RY ¢ AWdLD e ¢ @ LGB G LRSI § [ €& F LS dy W LW
AAIR ¢ q¢ WGUDY A MERIHHIBI ¢ GlibvaecE RWE 2 1JWGI YGYt JT We WU
CUNY! e Wl ap WL Rc¢ O W GIY VIR R M [CREWD 1Y 1B e¢ffRRGFOLLED ¢ q I T O
F IO UHqRY U WA i Y 16 A & BFRIEI0EI ] 2 § Allg Y WRAG G Y2 1JW 130 1
cYs WANuBRTII + RY U WAL ¥ RIh GEs@E it vllag 6 JWagl ¢T RgRYU¢ G WA
u[ WRUUY 2 ¢ q R N N SPNINEYSNYutxI f1 7 Allg 6 W Wu [ WROUY2 ¢ qRY U Wc
¢ UT We U Wl 13t R TRAIJILTIIHsRGDOY FMERNUD@EIR galy | & We WHY 6 Gl1 36 13Ut
Ynuwi JRASA~WHct DT WYUWARNuxf 76t Wl ¢T RgRYUC G WA f ~W
FeqUOGRalIt Ws 31 W 130 18 afiH UWLsHR ¢ GI W1YWD 8UR o 6?¥82Aq LW q) 6 |
qé6l 3t 6Yal 1O

PHOKEZ; U Wa6 W cRaqéec HGWW WPAIHaGRYOWY ! T I WnY! Wi ] 2?8
f OWGI 132 R YseN MLA NoPaNIAREESLBG 0 R It Ws I DWHE Y WOWHeE UT L
b BGWAqRYUWs ¢t WaelT W Bhue JUqRedG! IOWNG 1IJ! WHG Y 1JLWE ¢
qYWUUOt 2l DWag8JWRUqUNI Ra! WYnWadé JHNDNSRE D& WG R GO
5100 DWW JaUAqUT WwenNeRUWAeH BT WY UOW] 8 At 8 A 2QUNLE R & 1L
FROGUHgqRYUWY!I T U WHeUWHIW 2t JT Ws Rapd WE4] 2?8 AuomY W F
cYs 20 AWq6RY W DG WHEqRYUOUWY!I T I W6 et We WirtaRYIUBOLR G

P M



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

9YUGe!l Ul WqYWEAAAWAAAWI DhueRI DT W2c¢l RYet WUz GHII I
YI ARqWe¢ UT WHG YAt AlWlct Ws WadWet Wt ¢qlAéaR@IIWE O q WG TR
FPWGWARqRYUWRNDUY! Ut WAAAWHAY!I I DAqRYUWAWHE BN O &R WY
GYs Ul owWsUWaqé DWYqdédl Wwese Ul AWA f ~wHEYUt RT DI+ WGYH R
FlWew Wtzoqawt DaWHqRUNDW ¢ qlOaGRqt WA IT Wy ouwi ]
FeqUOGRaUt WnVY!I WAAAKWNG I 1JWRARGGYWRYe Gl | Ye20haJA LRy 6Ld
Jt GURRc¢OO! WRNWRaqWag6 WUz AN WYnW DGUHEQUIT W ¢aqldd
30 DT WA Wi ] 28AWt DauAgqRYUW[ 21 q6 31 aYIl AW ¢ ql
O It WMue RI DT Wa W20 WY nwWNUIYaWlg! ' 6W BaY2RUNDWE Y& 1w
q6 Rl WAWYa gl ! 1O

fOWRYUOql ¢t A SR IGtLUAq 6 13 WR djddIa 10 IR R d 'LLLEAVIGEREY 201t 1RA 10 driC
GYt RqRYURUNWHEYI | JAqRY Ut OWN 6 R IHWSHR tett WRLaGE! IR L 1]
qé Wt DO HqIT Wt ¢ q ldficiERd RiqBR A URU D USUE B HI &m0 WG 1Y 52 W
Uz GHII WYnWi ] 28AW DAGUHqUT W ¢cqlidRaqlt Ws RGO WHAIIWI
A fg~] ?28A f~WRtWHLNgqqWUI Wt PBaWHqRYUW YI T I OW NY LW 2
6! GYq6 13t Ut AWq6 DWYGqRGC G W ¢ aldd 0 ARAy IDHLLHH LY ¢aY 37 G 10 #
R U LNncS HBHINDILL
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RAIM tWGDOP
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Ele + RAIMWGDOP+ RAIM + KFITH
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Figure5.7 Number of GNSS satellitesracked at NGB2 GNSS station for a 24 h period on the four
days: 20 September, 22 September, 27 September, and 1 October 2021.
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Table5.5 Information of theclosest five BIGF stations to NGB2

# Station name Receiver Antenna Distance
1 Keyworth (KEYW) SEPT POLARX5 LEIAR25 0.12 km
2 Lichfield (LICF) TRIMBLE ALLOYLEIAR25 52.98 km
3 Lincoln (LINO) TRIMBLE ALLOYLEIAR25  55.73 km
4 Church Lawford CLAW) SEPT POLARX5 LEIAR25  60.40 km

5 Peterborough (PETE) SEPT POLARX5 LEIAR10  64.21 km
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Figureb5.8 Satellite selection order using the Ele, RAIM, KFITH, and WGDOP.
PPHECQUWEDRGEMRYURT B IT wyouw
ECqUiidRqUWt DGWHqRY U WHE RIDAUY GRLWO DL tlg RWU Wa Y DG D
t RDUcGGY We qWa Ys WG 12 ¢ q RVRIWIC 1DIMIG WP ke L6 & tallld & 1D!0WaE |LLH |
qYWeqaVt G61JI RALWc BHWMWE 6 qRGE KRG ULE DY WHEHPRY UWHe U WA
¢cUT WNPWENMBUBIUI MWqYWRU21Jt qRNecqWgé DWRGEG Ge Ha WY n Wi

PO



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

Uz GHII WYnWagl ReGt ot q lJ GEN BA i 13 0 ILLIA 10 +HARLHR &) RUIGIE R HDEH G2YRiq) ¢
HUuecet DWRqWHe U 6 Ys W6 WG ec+FRA2GWIOWNHEqWY nLW ¢ qld

EQ W ¢qladRaldWt 1Ja32aaRe YU & d0ci] EpstMsIIRRIGT 'WN e /dld 1J W= b
I WG ROV WSs Raq GUAF N o~ L0 =i bf B ¢l N AHR@iNinR-Oc 1J W= A WE & 1J W
s5ct WGl nY!l GUT Wet RODILYN dx ¢ 17 IMHAIFMEIZIIW ] 2 §A LW a1
CUNY!l Ra6 G LR WFdlaNIXG (7R I W HE ¢l R A @1 MR G WM § O 19 LULH
~ Nx 74QuWcU0! Wt ¢cqlidRaqlIt Ws Ridj @ IMIIHDIDIR I L] IR NMTHMIREGODIOHD + L
Hct Ut AWEGWW YaWAqRY U WpEs W and2XUdeR YRODURCHN BRI KUY 9REI T
AWzt T WonlYA LFA- L &L 10 6 10 9 i RIS R = 6 U g l0h & FRIqUOLLLEY At 1D 2 ¢ @
Uc2RN¢cqRYULWZGIIt 1O
PPHEECQWHI O RQUWENTGNHgqRYUW7 ¢t JT WYUWA f~wWeUT Wul f KN
A f~wWeUOl Wu[ f NcWl+HGaTl W ¢cqluadRalIt WAHCH T Wy 0wl 134
YAqc RUWT oD+ GUHEQUT WeUT WHYGGe qT Wi et el BGaWUqt oW
ul[ f Ncwl WheRI JWe¢ UWRURQREeTOWGYt RaqRY URU b HOW AU X f~7ALL
CUT Wu[ f RNelWt ¢qWGiRqUIW WaWHEqRYUWARNuU xf 7 WRt WIJhe Rt
Gt Dg@aicYUN WU WeHYT Wb Wa et 2l BGWUqt WOWe JUHDAWA f ~kt W
YAqc RUWT We U7 WrRY ¢ GH@WL WS B & 3% U gt HoupghdrR & F 2 dé WA g |
f nWRqWRY Wnc¢ROWT AWA f ~Wl 34GY21WWaq6 IJW @ ankicd Rijlat I ap
RILIG Ys BB O ol E Bl
[ 2l q6 11 GY!I DAWANuxf 7W6¢t We Wl Wt 6 YOI Wadcec qllJ+ /T«
5s6RAGWRI WqdWWT RoWI WUAW MAWSY O C& alldl 6L fowick 62 Hajolnd
Glct el BGWUqt Wel DWnY! WHY q6 W #Yuleldith ¢ Oluug @ é ¢ uR @ K
q6l 13t 6 YOI MRG[GONIALE LR tLHég | ¢ R MB6aH W1 asiIcl | TR dIALIG 10K c d e d TI
DEHG2T JWRNWRqt W 3t RT 2 ¢ 0 Weif VigWo & &ReIHIID Al I0 #0010 1 @
¢cUT W& 1t 16 NIOR Gt 1II 1 130 q WH 2 q IRIUGUA Wil HIBIROOLIS o LGS ¢ + 1 W
q61 13t YOl WRt W Waqll a RUVK RIRK G IRGIT GEUAT Mot Hillg &L uie 1y 19 WA |
qYWNIUWI ¢ qldWa 6AINLEVWST ¢ 1LLEHI6 MR leY il N Qo EE TR 1Rk 6 I LWT I ¢ e
2 ¢ UseNINLY SHNANISPBG 6 ¢ + 1JWa 6 1 1JOME 1Y ¢ KNGS T @odJtaplILLE LY IR YOI GLI ¢ q
Gel ¢Glgl Wi W3 URUNWG Ys Whe HGWE AHHe | N GHINMIGHEE Ao Gl1did
JI T Yl W ¢qRYWs ¢t WOMBMNAMYRUNDLWE JWI UncalaqlU2cideld
FWaRWUOqRYIB UT He OMBa PO R&qU W JaWEqRYOWHY Ut RT I UL
q6 1! W HEYY DWWt cqUGaRaglJW Het 3T W YUOW | WY RTeciht AWl 5
YAqc RUNGIBAD IUIHY 6 Ge qIT WéolEB 2t BAUBUWRURqRCE 0 WGYt Rq
A f~wWeUO0T Wul[ f Newt JaWHRqRYUOWNYWRY Ut RT I Waqdé Wl 1Jh
u[ f Nclwt JaWBEqRYUAWANuxf 7Ws ¢t WRAGHENAGWUqUT Ws Rqé LW

PN



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

Table5.6 PPPconfigurations

Settings Options
Position mode PPP static
Satellite system GPS, GLONASS, and Galileo
Frequency L1/G1/E1l, L2/G2/E5b, and L5/E!
Filter type Combined
Ocean tides loading GOT4.7
lonosphere correction lonospherefree
Troposphere correction Estimate ZTD (zenith total delay
Satellite Ephemeris/Clock Precisgfinal)
Satellite antenna PCphase centre variation) igsl4.atx
Receiver antenna PCV igsl4.atx
Phase windup correction (PhWindup) ON
Reject eclipse ON
Differential code bias (DCB) correction ON
Integer Ambiguity Resolution Continuous
RAIM ON
KFITH of phase 30meters
Code/phase error ratio 300
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Table5.7 Number of selected satellites using optimization algorithms in previous studies

NSAT selected Reference

4 [101,105]
6 [107]
8 [106]
6,8, 10,and 12 [7,117]
5-18 [104]
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Figure5.9 Flowchart of Implementing PPP positioning with the selected satellites and
determine its accuracy
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| Case:8 Selected:6-Sat
> 2021 @9 20 00 00 00.0000000
GO6 23680380.100 1 124441273.
G12 20912213.020 1 109894485.
624 24101322.960 1 126653325.
625 19902207.820 1 104586823.
G31 22646321.440 1 119007226.
G32 22001572.140 1 115619071.
> 2021 09 20 00 00 30.0000000
GO6 23685231.480 1 124466764.
G12 20924118.400 1 109957047.
G24 24122363.600 1 126763895.
G25 19902772.060 1 104589788.
G31 22629526.260 1 118918966.
G32 22011205.080 1 115669691.
> 2021 09 20 00 01 00.0000000
GO6 23690195.560 1 124492849.
G12 20936089.200 1 110019953.
G24 24143425.040 1 126874574.
G25 19903423.880 1 104593214.
G31 22612781.520 1 118830972.
G32 22020939.240 1 115720845.

Case:6 Selected:6-Sat

> 2021 09 20 00 00 00.0000000 © 6
GO6 23680380.100 1 124441273.11116
G12 20912213.020 1 109894485.92317
G22 25994644.820 1 136602749.05015
G24 24101322.960 1 126653325.47116
1
1

G25 19902207.820 1 104586823.52817
G32 22001572.140 1 115619071.03417
> 2021 09 20 00 00 30.0000000 © 6
GO6 23685231.480 1 124466764.287 6
G12 20924118.400 1 109957047.530 7
G22 26003940.080 1 136651593.997 6
G24 24122363.600 1 126763895.127 6
G25 19902772.060 1 104589788.619 7
G32 22011205.080 1 115669691.

> 2021 09 20 00 01 00.0000000

GO6 23690195.560 1 124492849. 1
G12 20936089.200 1 110019953. 1
G22 26013310.260 1 136700832. 1
G24 24143425.040 1 126874574. 1
G25 19903423.880 1 104593214. 1
G32 22020939.240 1 115720845. 1

Case:8 Selected:7-Sat
> 2021 09 20 00 00 00.0000000
GO6 23680380.100 1 124441273.
G12 20912213.020 1 109894485.
G24 24101322.960 1 126653325.
G25 19902207.820 1 104586823.

q:

1

1

Case:6 Selected:7-Sat
> 2021 09 20 00 00 00.0000000
GO3 25145643.320 1 132141245.
GO6 23680380.100 1 124441273.
G12 20912213.020 1 109894485.
G22 25994644.820 1 136602749.

il

11,

al

G24 24101322.960 1 126653325.
G25 19902207.820 1 104586823.
G32 22001572.140 1 115619071.
> 2021 09 20 00 00 30.0000000
GO3 25148563.240 1 132156589.
GO6 23685231.480 1 124466764.
G12 20924118.400 1 109957047.

G29 22159658.020 1 116449808.
G31 22646321.440 1 119007226.
G32 22001572.140 1 115619071.
> 2021 09 20 00 00 30.0000000
GO6 23685231.480 1 124466764.
G24 24122363.600 1 126763895.
G25 19902772.060 1 104589788.

G22 26003940.080 1 136651593.
G24 24122363.600 1 126763895.
G25 19902772.060 1 104589788.
G32 22011205.080 1 115669691.
> 2021 09 20 00 01 00.0000000

E27 25892393.140
E30 22466574.340 1 118062662.
E36 25611059.640 1 134587047.
> 2021 09 20 00 01 00.0000000
GO6 23690195.560 1 124492849.
G12 20936089.200 1 110019953.
G24 24143425.040 1 126874574.
G25 19903423.880 1 104593214.

it

1

1t

136065459.

1
it
1
G31 22629526.260 1 118918966.
1
1
1

GO3 25151591.220 1 132172500.
GO6 23690195.560 1 124492849.
G12 20936089.200 1 110019953.
G22 26013310.260 1 136700832.
G24 24143425.040 1 126874574.
G25 19903423.880 1 104593214.
G32 22020939.240 1 115720845.

G29 22124278.020 1 116263885.
G31 22612781.520 1 118830972.
G32 22020939.240 1 115720845.

Figure5.10 Sample modified RINEX files for 6 and 7 satellites selected frooases 6 and 8 They
show L1 frequencyin the first three epochsof the selected satellites (6 and 7. Left: satellites were
selected from case 6,Right: satellites were selected from case 8.
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Table5.8 Relative positioning configuratiors via Leica infinity

Setting Options
Units of Lat/Long DMS [0.00001]
Coordinate System OSGB36(15)
Cut Off Angle 15-degree
Sample Rate 30-sec

Satellite System

GPS, GLONNAS, and Galileo

Ephemeris Type

Precise

Antenna Phase igsl4.atx
Solution Type Phase Fixed
Tropospheric Model Computed
lonospheric Model Automatic
Frequency Automatic
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2RONI DUqUWYGqRGRAC qRY Ul ¢fi~NI HerHand ot RUIE @ Fofdail g1 581 A

B 6¢c GatlIMWMEY WT Dl GROUVDWqS W 2 Rgqc HG W ¢ qlldd RaldWwt
sct WHYOGGURQUT Wmé¢qRBO22RKR MO0 VO GAGE G+ WS ik 4R U Wa
q6 WGl nYl GcURDIWYnWaq6 W3 UecaWG!I YGYt IT Wt ¢ qliidRa

2 M



96¢c GAHMIgWPYT YOG YN! WaqYW3 UTl Wagé JWHE RGUWERRY e U1 WaqllH6

FUOGUHAEqWE cqUOGRqt Wnl YaW] EEW ¢ aiesUALN30I G 1doALd 15 1WRcU
lTcqewraYadaWARqRYUWRY W q¢ qRAWYGUUOW ¢! WYU2RI YUGWUO
qYWU2c¢ctdecqlWgé JWOWs W ¢cqPUidRqIW JaWEqRYOWAGWDqEY
Fennt qRY Bemiwimes Gow O I NG Jwt Y UT Wt #30¢l RYWYnLU
t ROUDG ¢ qRAEWYGUOW t! WYIU2RI YUGUWUqOWNGIWaet qut #13U0

NYBctecqlWWqd WGl nYl dcURIDWYNWG!I YGYt cOaWt ¢qlJaal
FPWGWARQRYUWAG WS YT WS RIGWR G @) LIGASHn e S qprRCOcHDsIR ¢Idld O G F
FUOGURGWICW 0 WGYH + RIS 122 Gl Rl P RFIARIGE R WA ¢ + gbl 1y O LW
GYt RgRYURUNDWHez ¢l Rq! WYNWaq6 IR Wt DGUIHGqIT Wt ¢ qldad
Uz GHUI WYnWt JaPUEqUT W ¢cqUliaRgqldt Wet JT WRUWGYt RqRY
t 2 At Jq oL

c

PIOQIONEE W? ¢ q ¢

1 Eqc¢ qRAEUSIGWEIU2 RI YUG 1JUq
NS DWt ¢GuW] EEWMHMOGEWGHUG HIDIWAEM=NWq6c¢ qlls ¢t WYH
7f ] [ Weo cla7ReYe0Wa YHECE q 3T WY U Wa 6 [J BRI B ORI RHQHEH Y13 L1 1) f L
q6 WU GHWI WYnW] EEW ¢qiEHRgOEYRUDILPDL MHRG B
a2 ¢ qREOIMOG I & 1BAUREY Y] TUERIGKENG G HIW ¥R WD T NURALE T dJT LU Ol
| 30 ¢ qR2 1JIAAE iR 4 REG KD H[o 61§4R & SR

T uRUDGEGRSBY ! WEU2RI YUGWUq

gUW=Z>W Gl RIW=M=Z04AW] EEWI ¢cqclsct WRYTGWUHEqUIT Wt R
] WYt GeqRetWf Ut qRage qWHz2 RGO T R EMNMULL Wyl 1J00RIE LLERAJH Loyl
CWGROGC! WeINYWHGs We UT WeE Wx JRAC W] ENMWA DEBR2 1JI U
t RDUCOY W] AEAW] ¢GROVY ALWpkYg2 | LEENARLE MM JLE IR ]2 b K
TecqeWs W DWHYIGUARqUT W BRPN MG NV 14Tl & OWHREIRW K
HYY!I T RUC oGt 8 AIG | ERWI cqcelWsct WHYGITWHQWT Wnl Ya

Gl RYT IOWN 6 Rt pilRE I Y IE CSER 2 WVEY RgqRYURUNDWet RUNU
ERUHRINDW ] 7ZW gqecqRYUWHYGOGUHRqUT WYUG! W] AEAW] ¢ G R
T ¢caqcWyYnLlad s HIIHEHYITGD 1 HHIL s CRGHI6 RIODGILAN I 100D €Ul T

BaWw2¢cqRYUWGCEt ¢ WH! Wad IR D RHERAD B¢ £ Wia § 2 W O FWDIR R
] caROWYAWe UT W] x § E E LWt p& Y410 i R oy W + (LU S 1 & (i dp 1T Gl &

2N



96¢ GaHMIqWPY T YO YN! WaVYW3 0T Waqé WWred RGUERRY e U1 WaqllHGS

Figure5.11 (left) Thetrain and itspath on the roof of NGl building, (right) the GNSS receiver and
antennaon train collecting GNSS data.
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Figure5.12 Number of GNSS satellites collectecoy NGB2 (left) and train (right) receiveifer 1-hour
period on April 26", 2023
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Figure5.14 Number of GNSS satellites collectedat Jubileecampus next tothe tennis courtfor 4-
hour period on October 08, 2024.
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Figure5.15 The location of NGB9 and NGB11, where GNSS data was collected
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Figure7.1 Comparison between satellite selection availability (SEAva), positioning availability
(PAva), andoptimal positioning availability(OPAva) from selection cases 1, 2, 3, and 4.
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Figure7.2 Comparison betweensatellite selection availability (SEAva), positioning availability
(PAva), and optimal positioningavailability (OPAva) from selection cases 5, 6, 7, and 8.
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Figure7.3 Comparison betweensatellite selection availability (SEAva), positioning availability
(PAva), and optimal positioningvailability (OPAva) from selection cases 9 and 10
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prec ephem outage 2021/09/20 00:00:00 sat=42

no ephemeris 2021/09/19 23:59:59.922 sat=42

no broadcast ephemeris: 2021/09/20 00:00:00 sat=61 iode= -1
no broadcast clock 2021/09/19 23:59:59.916 sat=61

no broadcast ephemeris: 2021/09/20 ©0:00:00 sat=66 iode= -1
no broadcast clock 2021/09/19 23:59:59.913 sat=66
no broadcast ephemeris: 2021/09/20 00:00:00 sat=89 iode= -1
no broadcast clock 2021/09/19 23:59:59.925 sat=89

Figure7.4 Sample of thedebugtrace file of 15sat from case 1, showing fouselected satellites
were rejected. The first satellite (42) was excludeddue tothe absence of precise information while
the remainingwere removeddue toan ephemerisoutage (i.e., cycle slip).
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2021/09/20 23:57:00.00 sat=36 L1 res= 2.1313 sig= 0.0372 el=24.0
2021/09/20 23:57:00.00 sat=36 P1 res= 7.6536 sig= 10.7690 el=24.0
2021/09/20 23:57:00.00 sat=44 L1 res= -0.7692 sig= 0.0224 el=66.3
2021/09/20 23:57:00.00 sat=44 P1 res= -1.8723 sig= 6.0279 el=66.3
2021/09/20 23:57:00.00 sat=83 L1 res= -0.1907 sig= 0.0172 el=57.2
2021/09/20 23:57:00.00 sat=83 P1 res= -0.7868 sig= 4.1949 el=57.2

2021/09/20 23:57:00.00 sat=84 L1 res= 0.1674 sig= 0.0168 el=62.7
2021/09/20 23:57:00.00 sat=84 Pl res= 0.7193 sig= 4.0647 el=62.7
2021/09/20 23:57:00.00 sat=92 L1 res= 0.0428 sig= 0.0279 el=21.6
2021/09/20 23:57:00.00 sat=92 P1 res= 0.0903 sig= 7.8063 el=21.6
outlier (2) rejected 2021/09/20 23:57:00.00 sat=36 L1 res= 2.1313 el=24.0

Figure7.5 Sample of thedebugtrace file of 154 ¢ qqtOn | YGHOHRCt WIOTe ORUHG 2T RUNIKOE ¢
phase (L1) residuals. Satellite 36 was rejected becausis phases residual was considered an
outlier.
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Figure7.6 Comparison of the number of satellitesused for 24hour positioning out of six selected
satellites from case 7. Topthe carrier phaseerrorwas setto 0.003m, bottom: the carrier phase
error was setto 0.006 m.
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Figure7.7 Number of satellites used in the 24hour positioning solution from the selected satellites
with all subset sizes The satellites are choserby the selection cases 1,2, 3, and 4.
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Figure7.8 Number of satellites used in the 24hour positioning solution from the selected satellites
with all subset sizes. Thesatellites are chosen bythe selection casesb, 6, 7, and 8.
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Figure7.9 Number of satellites used in the 24hour positioning solution from the selected satellites
with all subset sizes. Thesatellites are chosen bythe selection cases 9 and 10.
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Figure7.10 Time seriesof number of satellites used in 24 hours positioning solutiofrom 10, 15,
and 20selected satellites from the ten cases.
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Figure7.12 The number and the rate of continuous selection epochs from the selection cases 5, 6,
7, and 8 using 24 hours GNSS data collected on 20 September 202
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Figure7.15 The number of satellites changed in the selected optimal subset over selection from the
selection cases 5, 6, 7, and 8 using 24 hours GNSS data collected ot Qeptember 2021.
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