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2.4.2.1 GNSS segments
(1) Space segment

minanvesduiunfen1sasauazdsdyausiauazinavesy

Iﬁu%mmamﬁa%’mLﬁ‘uLLazaaﬂmmﬂ%’ammﬁqmqﬁé’ﬂimaﬂim&Ja'aumum midqe‘?ﬁuwm

oA
Y 9
1AUNAUATIAT e
¥ (% / A A

p i

~ :WJHET-.,_

7 q mml LB ig:" =

i 7l a4 |r iasn s IBAaRinYN 9

¥ zm’uﬁsm MEO #1584 3 A97

JEAUAIINEL 23,222 N4, LLazﬁmmLﬁaaquémamﬂmﬁ 0.002 A WALNFUAIIRILATOUATO
szuunlpsisanuddesiiyn 56° amuduaudgns anifieuasnszasluiusayssuy
wazarliinarUssaa 14 $3lus 4 widt 45 Junilunislaasseulanvheisuadouday 17
seudafgitestu 10 Fu sidereal nguamisuusziunigldmsduiumaintosmuiiey
othsesnnadlusimesaingale 9 vuuislanldmaeanalnefsefuaugandevouih

11NA731 10°



36

BeiDou constellation (sz8g#l 3) Usznaumiun1iiey 35 A
sauBaniien Geostationary Orbit (GEO) 5 ad waga1ieniildly GEO 30 aasluaalaas
dAoudunsnay aiiendildly GEO Uszneudieaniifisn Geosynchronous Satellite Orbit

(IGSO) wWUULREd 3 ALAIANULDEIUTENI 55° WarA17ed MEO 27 a39lAasNsenu

WA zmm 55° Lazdsrerinali
HUANANUA U TIPS 7 % 7

d‘ 1
yyunannan

aVigation Indian Constellation

(NavIC) Wuszuutmemennifisussauginiadassiiusnsseysuisasivungm,

wuuREalninudugn aseuaquduisuaz)iiniainensnd 1,500 nu. lagseu lagilunuay

¥ '
] ¢

venefisifia ufliuimafuivegssrisiiuiliuinmvdnuasiiuiidnasuiuindeusou
shetduvunuil 30° Tedaduruiui 50° wilsuasidumSidoud 30° menzJuseniuduy
Sifoui 130° F99g11991nLdUvBY 1,500-6,000 Ny, Feamnsousaiiuniiien NaviC
U9dule widwnislianunsadwalaegissiugianely Jagdussuuusenaumiengy

I = = a 1 dy a [ 13 1
W]'J@'TJL‘VIEJSJLLiJ(ﬂWNIWEJiJﬂ'TJL‘Vl‘c’Jll'eJﬂﬁ@\‘lﬂ’N’&]QUUWU@UNU&LLG\H@‘U’W ﬂq%Jﬂ']'JE]EﬂU’NIﬂ‘US



37

Tt e 2561 NaviC 9glusnnsaesseiufe “Usn1sseymumniasnsgin” 2aslad msu

1% 2 «. a = o v a Y o  w vay vou =

nsldnunaSeulas “usn1signdin” (USNsAKswa) dmsuglanlasuaugin (53uds
v a g v v v o ) s a € a a

13) Fafanudild NaviC \Juniatsdudmsusasudiianismdvdluduhewas

Insdnvidlefiodmiudusinaunsiuisesfullviusnisaausasausnvesy w.a. 2563 Junuiay

V81852UU NaviC a... :
arufisnauludfnadivegluadla

M 32.5° E, 83° E wag

agoglullaasiuy

o
Ny

(2) dyuarua

daunuay (Bendnedvindrunefiuiu) dviisuinseuluns
vl iszaures GNSS i flugiuveude: tilenunuLALSNYIENLELALANS
fvuafweINgNAINTE v ITamnsvesnRnuaruRnIA oy Lie3nw
11A5IEIUNAT GNSS fidenadasiu (H1uuiinioznou) uaziileduinndeainunsimi

ANSUANUTYUNINUA



38

(2.1) duarunuAIEN GPS
d1UN15ATUAN GPS UsNaunieLA3av18983anilngiaey
(MS), @niiaauaumnan (MCS) wagiananianIAiu@y (GA) Master Control Station #4siteg

Iuiﬂiaiﬂmaﬂ‘%aﬁaw%'ﬁaL:J%mLﬂuLmuwé’ﬂmmd’;uﬂ'ﬁmUﬂu Aninnsulevaulunisidau

auyaaﬁw%aﬁﬁ : emate Mast nto Station (AM&S)'pdnastulaedudiunis
vaaunuNFUFEU3alviv \ﬁéh\x\\%\ gef( ¢ ANHNS
o 2. 07— ﬁ fg_.a
"J‘?.-' ) 3-_""

UNI¥NLoLNILAn

=

=S .Fairbanké > % & 2" : Ao
= \ SR 2 ® Honnitage A
Colorado Spnngsv Washington pcl ur ® _ann
30" Vandenberg* Cape Canaveral v . Manama p
.‘ ’Hawali . g LW ¢
) G . TR ?Kwajaleint L

v * ®Qquito* Ascension | t Diego™ Z
@ Papecte Aisland Garcia </ a4

30 z .Pretorla A
&5 @ Buenos Aires ® fdelald\e
i : . Wellington

-~y

-60"

‘t </ Mes i\{mcs Y GA @ms (USAF) @ MS (NGA)

—150

-180° -120° -90°

Master Control Station szl m‘diumawaLwaﬂsummﬂﬂ%mamau (ephemerldes) I}

Yofianarnvesunfinisufanisdinesdu q uasiteadrsdonrmiimie ta3etng MS
Usgnoudaeiledannnesinernaanigewsing (USAF) Fesseglusnnelalaslaaussd
(lalasla) innzueawudy (Lanwaudnld) Alnnside (Wmaynsduie) wazA1anay
(WwUBTnmile) Cape Canaveral (Waa3an) nedstululn.a. 2544 uazann USAF Tud w.a.
2548 Tnsamsusuugdlsituatioldveneeietioiliswis MS vindafisidunislae National

Geospatial-Intelligence Agency (NGA) 90an3enT1NaNUaNTT woflan (00awnsiae)



39

Ualualelsa (91519UANN) Hermitage (@151991U1909) Wuu (U1sw) Al lonnes)
wag19%9iu 7.9, (ansgeiuini) ndsanuudnisiuaniddnvitandluld w.a. 2549
Fairbanks (9a1@1) Osan (\N19akA) Papeete (1187) Pretoria (hau3n1la) waz Wellington

@ aun)

muqu wou) A
AL AILENLNATE \\n,
—p—
olnAugAIURIRz UL (SCO)

J I 5 19 ! [ -“l:i-. a = & 1
N Q'E)‘c’q]}[ ( NE L AU UOE a3 VRV INITAEH ARIRL 361908

@

R P

URTAIS a9

ARUB QAW 3

b VUsce Trce-m @ 118¢ ELs Pms O Newms
- e -
’{I) 2R B =,
CTAS . =
P o » O
\{ Pl . — . - L:_:’ -
M rmanské‘f:' ISy - R e
:‘}M IR Ol Yakutsk o
IR G R, u
s ’:1 N9 Vorkuta O -
: - Yenisseisk g
60 € :3 :1’8g$chelkwo <9 =t S
Jt 5 < 5.
s )

BT o V Krasnoznamensk O vA Komsomolsk
Zelenchuk ().~ Ulan-Ude SR
EASIEAS o i
e 0 U ONurek 4 &
oy 'ﬂ'.*(. A= S0 221

1% -"F] { 5’4—:;.4

30° et \.‘\ ;7
S PRI vy
* ,//’ 7 \ i-/ M\ p t:)
g (VO & /%
. / v ol L e
ol RN S
o 30 60 90 120 150 180

AWl 2.28 aonilnTradoudInAIuAY GLONASS e
fian : Subirana et al. (2013, p. 16)



40

(2.3) dupruAuaITiEY Galileo

druniafiuAuvesmufiey Galileo Usenoudie Galileo Control
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(2.4) dupruAuAITEY BeiDou

duAuANAIITIEY BeiDou Usenaunie Master Control
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(2.5) duAruAuAITEY IRNSS

dumuauaiisn IRNSS dvthisuRaveulumsiigednuiuas
NI LLTINELAT IRNSS daun1afufudsznaudie: IRNSS Spacecraft Control
Facility (IRSCF), ISRO Navigation Centre (INC), IRNSS Range and Integrity Monitoring
Stations (IRIMS), IRNS
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fis1 : Thombre et al. (2015, p. 246-256)
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(2.6) dauAruAuAITIEL QZSS
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Oscillator
f,=10.23 MHz
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IasuniseenuuuniiieuduszuussaugliniaEsy GPS warszuuaiiieutmieialan
au 9 Wnglvusmsssymumiawagmnuanafwiuggdulugiinaede-lodellly
2.4.3.6 A0 IRNSS
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1176.45 MHz

L5l
3PSK(10)

L5-Q
BPSK(10)

FDMA
1176.45 MHz 1202.025 MHz
L50C-I L3oc-
Proposod
CDMA L50c-Q L30Cc-Q
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| ABOC(15,10) 5y,

S oprere

E5b-Q

O —

1207.14 MHz

B2 (0S)
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CPIl

B82-Q (AS)
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ABOC(15.10) 51,0 (0s)
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1176.45 MHz
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azss 7150
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1176.45 Mhz

IRNSS SPS
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F&il 8 Rand J\
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127875 MHz
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all s ‘ ‘

BPSK(1)
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1575.42 MHz
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TMBOC(6,1,4/33)
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== GLONASS
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L2 Band \/\
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NN 2.36 FUUIUNIAUATBS GNSS

A

fian : Subirana et al. (2013, p. 38)
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2.5 1A395UARY I INBNTZUULIMNINILAN

Y

d' v o = o Y] . A
AT 095U IUAIIBuTEUULUINIIRlan (GNSS Receiver) Al s5UUSUR Q1M

v o
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2.5.1.4 103 095 UdaIANE LA BrRUVAR YR d Y ) NSL N RITY

Foyey 1D NI esaLNSaLANENIN ST T US Y el un1sSU ”nujzyﬂmmmﬁuu

2.5.2 WUUVAI8ANUD

LASDI5U GNSS WUUNE

w99 8N LT NAs
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aisaimaialantdllenndn dedvieegialdluvieanatn msizdwlngazdunsld
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aruily Anusiugt msazBengs lunisfudeyanneds lnsannsouanafudoyavesnia
msSudaans GNSS uag wiaweseunsossudmyaianifisaimaitanldaunisldou

LATDISUAATNEUTTUUEIMNGIILAN (GNSS receiver) AkAAISIEAZLDUANIANTIN 2.1
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A999 2.1 M98 NLATDTUAYYIALTBNTEUUEIMNALan

v o

\A3095UARYY 3995UTZUUANITIEY

- GPS (L1C/A, L1C, L2C, L2P, L5)
- GLONASS (L1C/A, L2C/A, L2P,

AUBOC, E5A,

U j /
SAL1 C/A, L1 5, L5)
—GLONASS(@
g0C, E5a, E5b)
"E OF Téé '/ C, B2l, B2a, B2b)
QZsS(L1 C/A, L1C, L1S, L2,
L5)

Novatel GNSS

U PwrPak7D™

fiyn : Hexagon (2024, Online)
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A1519% 2.1 (619)

- GPS (L1 C/A, L1C, L2C, L2P, L5)
- GLONASS (L1, L2, L3)
ileo (E1, E5 AltBOC, E5a,

g\g\\\ll//é/@

ou (B
C/A,
— g — e

N || e—

f?ﬁ']nl
! ]

GPS (L1 C/A, L2C, L2E, L5)T
GLONASS (G1,G2) 4 ¥,
’h)(-\ Galileo (E1, E5A, E5B, ESAIBOC,
- BDS (B1, B2, B3%?)

W I b ,—ﬂBDS—?ﬁ (B1C, B2a)
CHCNAV AVAZADA GNSS b A azss (L1 oA 120)

| i—#
U P5E u

ﬁm : Chenav (2024, Online)
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2.5.3 RINEX format

JULUU Receiver Independent Exchange (RINEX) lasunisimunlaganidunis
mansuisuvinerdodsuiouanidsuteya GPS flazsausalurag EUREF 89 Jufeades
fULAFRISU GPS 1InNIT 60 1ATDIRNEHAR 4 Trefiunndneiu duatiu RINEX thiausuas
gousulaen1TUsEYLIYINTT Geodetic unnfededl 5 HetunTNeTumisaiealy

Las Cruces .. 2532 g 19w HNAILNANITAILEAIAININT 2.39

: . R TR WRNNINIT S A S —
i2.10 OBSERVATION DATA G (GPS) RINEX VERSICN / TYFE
JES2RIN 1.09 lnx RUN BY 24-FEB-09 17:58 PGM / RUN BY / DATE
build August 24, 2001 (c} Topcon Positioning Systems CCMMENT
RUN BY;CCMMENT ,MARKER NAME;MARKER NUMEER:CESERVER:AGENCY; CCMMENT
<BNT #;ANT TYPE - You can set in profile. CCOMMENT
.J"CPN_20090122000000.jps CCMMENT
CEN_20080122000000 1213 MARKER NAME
OBSERVER AGENCY OBSERVER / AGENCY
‘m312331213 JPS LEGACY 2.0 Jan,20,2000 pl4 REC # / TYEE / VERS
CEN 20050101000000 -Unknown- BNT % / TYPE
-1020874.1161 &183762.5892 1179096.1746 APPROX POSITION XYZ
1 ! 0.0000 0.0000 0.0000 ANTENNA: DELTA H/E/N
1 1 WAVELENGTH FACT L1/2
l_"' =N 2009 1 22 Q Q 0.0000000 GBS TIME CF FIRST CES !
2009 1 22 23 £g 30.0000000 GBS TIME CF LAST CES
30.000 INTERVAL
28 % OF SATELLITES
‘7 c1 Pl P2 L1 L2 m D2 # / TYPES OF OBSERV
G 1 1071 1063 1063 1071 1063 1071 1063 PRN / % OF OBS
G3 745 691 691 745 691 745 691 PRN / % OF OBS
G 4 1000 930 930 1000 930 1000 930 BRN / # OF OBS
G5 1210 1109 11098 1210 1108 1210 1109 BRN / # OF OBS
T & 9596 819 918 8956 818 9596 819 PREN / % OF CES
& 7 1080 1057 1057 1080 1057 1080 1057 PEN / % OF CES
G 8 725 693 693 725 693 725 693 PRN / # OF CES
Epoch Even flag Number of GPS satellites ‘EPVS Numbers
~ END OF HEADER

082 122 0 0O D.DDDDDDD“DIIII} 4G G 8G11G13G17G20G25G27G28G32
| 23762229.872 I 23762229.3604 || 23762233.7214 || 124871346.304 6 97302375.46542

3611.404 25814,036
SEi_ngitQEE ’D3U'!JS£1“:HJ& 2038735.7124 1071364pP9.246 8 8348297872246

L
i b it
Cl D1 Pl D2 P2 L1 L2
] 4 204 pasa 10721 F10 & 835466 46
1592.118 1240,592
21331128.440 21331128.62449 21331131.6644 112095827.705 & ©7347411.326844
-2408.080 -1876.404
24126171.757 126783877.355 5
-2345.396

A 2.39 Trlddanmnisal RINEX
fian Kenpankho (2014, p. 29)
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Tuimeninusildguuuu RINEX nesiu 2 way 3 dnsumssuliddeya GNSS 910 6
GNSS yhuszmelne JULUY RINEX Usznauselnd ASCI anaszian Tnddeyanisdann
Inldteanunmsihniauaslnddoyagniiosinen

IrldusiazUszianyszneumediumnazdiutoya driusznaumedayadiunas
dsuliiaiamauaznilifigaisuduredlid duduisenoudmethedediuilunedun]
61-80 dwmiuusiazussinfegludiudiuiududevsfu wazdessngesanudszylily
Fosunesegnedl

sULUU RINEX T Fumsusulimnsandmueudosnisiud duslaglid uty
ﬁﬂuauﬂimmmsé’qmmﬁL.mﬂsmﬁ’wuaam%a%’ué’zyzymm%izwmaLﬁamawwimmzq
Usznmasmsdanaiianfulidmiuedssduiuazssuunnfioniiduneldludui T
szuvReuiameifioygalituiinanusndudstuiinnsdaunnoragniftuliliduiian
Foriwievneainsaaveendnssideuld Lifinsdrdnainueigegavestuiindmsuduin
N3N
. eogauiiudannnisaiainantd KMITL gums uananmil 2.39 fdamsdimeslu
"lwdnsdane RINEX Tewn C1, P1, P2, L1, L2, D1 waz D2 du L1 wag L2 wWumsiamauy
Al L1 uag L2 vesdnyayas GPS anuddu C1 wJu Pseudoranges Tngld C/A-Code uu
Aud L1 @2 P1 way P2 1Ju Pseudoranges #ild P-Code vupanud L1 wae L2 auadu
D1 uaz D2 1¥uAud Doppler vuAid L1 way L2

Tulyld RINEX 2l 2.40 uandn1sgayiden1sdonuazauusIvesdyquves
duayras GPS Faansatuiinldlaeldnuneavsiad L1 uag L2 LL1 way LL2 Sl msuns
gidonisienuuanudl L1, L2 audidu defeyaseyinneludl 0 fio anas 1 fo aduseu 4
fio JearunsUasuuwlas wazinadan Aokingiu SL1 Ao Aanuusivesdyqiaunniud L1

[y 1

WAz SL2 AD AINULITIVSA I MTUAILD L2 J52AUt191987 1-9 T8AUAINNLIIVY

'
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Aoy ANUUTVDIFYIUGIAARD 9 UaTANULTIVDIFYYIUAEARAD 1 A1 0 W38 Blank

A
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Lilunidnmnuusavesdyay o



58

; ; ; ; : ; END OF HEADER
09 122 0 0 0.0000000 O 11G 4G 7G 8Gl1Gl3GLl7GZ20GEZ5GE27GEEG3E

23762229.879 23762229.3604  23762233.7214 124871346.304 a 97302375.465
3611.404% 2314.088

LL1 SL1 LL2 sL2

MR 2.40 N5gayAENITROALALAINNLIIVIFY QI GPS

fan : Kenpankho (2014, p. 30)

Twidiina RINEX uandlunmd 2.40 Tnlddnns RINEX gnesnernialudadlilaedu
druntlsvesdan GPS Tudoniuimig delwdn1siimig RINEX Usznaumenwisdines

saluinslunisen 2.2

A15199 2.2 Wdeastulndnistinig RINEX

‘ PRN GPS PRN number
0
rt(a) tsenicinaj is
@lta i - v lodi
- icit L
f e -
n
a'(d.} censio
i0 N C n
idot Rate of in
toe 1
IODE phemeris
IODC ssue of data clock
Cus, Crs, Cic, Crs, Cus, Cis Correction coefficients
af0, afl, af2 GPS clock bias, clock drift, clock drift rate
toe Time of ephemeris

Tuanendnusilildldlvddoyaaniieninet egelstauluawi 2.41 Ideg1aves

Y

a

Inlddeyageiiusine RINEX version 2



2 HETECROLOGICAL
XXRINEXM V3.8 ATUS
EXSMFLE OF & MET DATA FILE

A 9080
3 ER D HR
PAROSCIENTIFIC T40-163
HAENNI
RCTRCHNIC I-240W
0.0 0.0
26 4 1 0 0O 15 887.1 10.6
98 4 1 0O O 30 B887.2 10.%
96 4 1 0 O 45 8587.1 11.6

DLTH
3-AFR-96 00:10
0.2
0.1
5.0
0.0 1234.5878
89.5
30.0
85.0

RINEX VERSICN / TYPE

BGM / RUN BY / DATE

COMMENT

MARXER NAME

¥ / TYPES CF OBS5ERV
PR SENSCR MCD/TYPE/ACC
TDr SENSCR MCD/TYPE/ACC
HR SENSCR MCD/TYPE/ACC
PR SENSCR POS XYZ/H

END CF HEADER
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A 2.41 Trlddeyageiusine RINEX version 2

U

fian : Kenpankho (2014, p. 32)

2.5.4 AISAUINIAMNGN GPS waziaa19mii

< I o P o o &
WaLazANUSINGUYDIE QYU GPS AnsArunnll

. v, = Af (2.20)
| df
o= (2.21)
dv,
Vg =Vp = a1 (2.22)

e A #Ap ANuEMeAY way f Ao Aud Felelalualesidudonsyanudiiuag

RONTUNINTEANE VeI IMINeE fuludviinsinmvewaulaazgniiauslag

(2.23)

v
|

loed G (i =23,4,.) Wuamdulssansnlildvuediuainud GPS uavuegiuaiu
NULULYDIBLANATOUANEUNIINITUNT NSz 8 vsdy el GPS TunasAidudinsdninees

wasvaanguduauszanailag

(2.24)
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et ¢, Wualaguszana (Seeber, 2003, pp. 88-99) u c, = —40.28Ne[ Hz” |

INAUNTT 2.23 wag 2.24 uansliiiugn esnnausidudndrunnduiuduidnisinm
vosuadeiulatndn [WunalileleluailesvilimAnanuatvesnguuaziatugs Messes
armihuaAuaIdIveInguIzgniIiasand msuanuatveleloluailu gty

LRUBRANAIATUNISALNAYD GPS F9918aL98nU8IN158U%NN GPS Azhandbuaiudnll

M\W

u;llilllﬂllllll
)

s fB  UaNAnaInved Satellite clock

T Ao AINUIINEAN Tropospheric

l,, Ao dAwnhsnavedeleluaieslunisinlinuu L1/2
£, D AWmbAWEBEUNMaAMeY/

Yorawa1ndu o lun1sinswauu L1/L2

L=p-—1, +c(z, —7,)+T + AN +¢&, (2.27)
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L=p—1I, +c(z; —75)+T + 4N, +& (2.28)

el L, Ao wlavesdlviusnisinainaiad L1

Y

b ‘[?.- “.
' '5{‘ =l nnzu GPS kﬂ'g

_ o 2(f f,)? _ (2.29)
STEC, = (=1 (P,—P)
__2(ff) (2.30)
STEC, = 742z (L~ L)
e K h) msinvedlealeluailesAe 80.62 (m?/s?)

Ause 4 fe  enuwnrdufidenadostu f, way f, suddu
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msufiluaunguaievresduILALLazaARuRNANeLWTsadmiy STEC

aa A 1 o w = 19 o Y} = a Y o o
'Jﬁﬂ'ﬁﬂ\‘]']ﬂﬂ'nzﬂb’ﬂ']‘\]ﬂﬂ'ﬁsﬂﬂL'?jEJﬂ'J']llﬂaqllLﬂiﬂiﬂfﬂﬂjﬂqﬁﬂiUigﬂULWﬁ‘?NLﬂEJ'NJ'ENﬂUﬂ'ﬁUiU

dulAssaiilasvas STEC, WuAeduvadr STEC, Ndaanmandtiu (Mannucd et al., 1998,

pp. 565-582; Kenpankho et al., 2014, p. 35) wanaduaunisii 2.31

& Maruyama, 2003, p. 2084; Kenpankho et al., 2011, p. 366)

STEC fiduaumuianmzluauns 2.29 lnevhlezfidssdaiosniian
auns 2.30 eehslsfinny mnuaquieieludduiuduves L viefiBeniinisaulaavesiy
nssruintuld Tnelunisudlvaunsomldfemnudiomdovestoyanuunnsis el

1§N%a VTEC fagunis 2.34

VTEC =(STEC, —b, —b,)xcos y (2.34)
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lne?l b, waz b, Ao srfveIAIITENLAsAITUAYYIlaeUssu 0ARTDY

o

anutesl@u1ann NICT @1y GPS Earth Observation Network (GEONET) @edndiatulae

Geographical Survey Institute (GSI) maQUisz{ﬁﬁue‘ﬁaﬁLﬂ%aa%’u GPS 110091 1,000 1w3eq

ﬂsxmaasjﬁﬁﬂiu > al., 199 4; Kenpankho et al., 2014, p.
36) Bdlunwidi s EC (filsaaniedossy PganaguUlaad

1) ﬁ% | Wz%/%fgﬂyz dsURQILTIEN GPS uhay

L AIERDIR RRiba O T vn 93034 QTS Py way By Mgnasaauni1si

AR
AP

Sl e '1. "'_'.
YA A -.#‘@&Eﬁgﬁﬁﬁé;ﬁ TUSS 'i“ Yoil
i
‘-lals;-q
l'ﬂ 1-

T L eTECD

e SHA| ) 'EI—. QT ,u ( ’ (S u
— W iy
Ly = : 1
6 3 I..;" b don 61 (1% g .»h; = O1G

S

VTEC™(n)=(STEC(n)-b.," -b,)xcos x,, (2.38)
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(%
[

NNNT 2.43 waasdgaaniion GPS iniuduusseinialeloluailes waztu

vssenaleleluailesusenaumisusunudiannsausiu d9Usuuddnasousiuludu

vssenaleleluaiflesd aunsamlaandyaiunidion GPS iesanauiien GPS Aty

NUUANE 24 A9 Uad15098n 6 M9 ATE GPS dAnugeanniulanysyin 20,200 N,

° 616l .
(Blewitt, 1990, pp. 199-262), Limed

STEC = M( LA -L,4,) el/m’ (2.39)

k( f2 f22)

lne  STEC e Usunadidnaseusiulutuusseinaleleluaiilaslu

a = 1 a a 1 2
LUIAIALDEY URUIYDLANATOUNDAITILUAT (el/m?)
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& A 1

k Ao fafinsEnmsstuussendlaleluailes dan
WINAU 80.62
f, A AW 1,575.42 MHz

f, Ao AR 1,227.60 MHz

B B
Chllulﬂllllllll‘l

We X fo yuwiniegwilsuuildunwinvensossudygruiunniiiey GPS

A5 A LALAITNANTANINANA 2.45
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asvostuussemalelaluailpdaditat

Weiansanaziuladn augewestuusseinielelaluailesuudadosuinde
WiguWieuiuanugevesnifisy GPS dstuiiloniisutesasusutuussenialalelua
Wesudeiulan azdiuadounnuenivesiiu A wduaueewsin A wazis)

awse manuenlaeUszinaveny A adieinsanjunsasuadadaninig 2.46
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A AN

A A SR AR
AN
(X e —

II I

il
|
A

2970 (2.45)

Usglegilunsfinsusunadidnaseusidlutuusseinaleloluailes Aevinlmsns
Usnaudidnaseusiu waztisnawainisildsundassinadidnaseusiulutuusseniele

a s Ao J M 1 o = a a s P
Toluales NUNANIETNUNBDNITADATIINTUALY UM LN U LLﬁS‘lJiiJ']ﬂJ’e]‘léﬂ']ﬂ‘U’e]x‘i@Laﬂﬁ]iﬁ]‘u‘ﬂ
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9199z lisunIusTUUMINUegUnIainonasdidnnsedndas o tinn1sviaud
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Reanaavseldemedula

2.6.5 USUNUBLANATDUIIUIIN International GNSS Service (IGS TEC)
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x :
‘_ CPNMOOTHA ‘x'

Receiver : TRIMELE NETR9
I Antenna : JAVRINGANT_DM

Calibration : ROBOT

Clock : INTERNAL
Satellite System : GPS+GLO=GAL+BDS+QZSS

Last Data Available : fars¥iZ EL § ¥}

Country/Region : Chumphon, Thailand
Latitude, Longitude : 10.725, 99.374
Elevation : 9 m

CUUTOOTHA Thailand 13.736 100.534 TRIMBLE NETR9

Thailand 18.761 TRIMBLE NETR9

i Country/Reg... Latitude v = Longit... igh... Receiver
|| CPNMOOTHA Thailand 10.725 99.374 . TRIMBLE NETRS
CUSVOOTHA Thailand 13736 100.534 . JAVAD TRE_3 DELTA

efe ence;%‘% >here (IRI
Sy UPNUTRN bR SUNNS

atiuayulngadieg s 3187 AaR T5ENIUTEN A

(URSI) 4AN3Lra11dn 6 Tinigy Tresbugasuaemieis sui 60 [onanLuuInasauInsgIuLgs
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v
] a

Wuilangaileningwazaningionnia 2. MsAnwIaINIATeIsEUUlan-A9TUNT A1
\A912Y war Tnguunadnvesssuugte 3. mafinvioniAtuusTsInAfuuuTedtanuazn)
ATt uuTIBINIAgnese 4. waramneanaluszuuaterudaunilaaflesvean
W 5. MAITeRuENdmTmansanedIna 6. Ingeandliledinfiiisadesiueanie

a

7. Japmanslueinia uaz 8. Handiugulueinia lesunisaduayulag Committee on
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space Research (COSPAR) wag International Union of Radio Science (URSI) Tilan3au
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lololuailesgadaseninausena (IRI-2020) nan1sAnwiandliiauime GPS-TEC uay
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Reddybattula et al. (2019, pp. 283-292) N193tAT1¥% TEC Y03tuUsIeIndlole
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Abstract

The dispersive and anisotropic nature of the ionosphere above certain regions particularly on Thailand’s low — nearly equatorial —
latitude, positioning accuracy is seriously affected when using a precision limited model. Change in ionospheric delay is a key factor
impacting the Global Navigation Satellite Systems (GNSS) positioning and navigation accuracy. We studied the effect of ionospheric
delay on localizing low-cost robots. We investigated the positioning error using ionospheric delay from a GNSS receiver, IRI and
our campus, KMITL, in Bangkok, to guide our ‘G-LOC’ robot. There were eight target points, set from 3 to 50 m at the same meridian
with varying latitudes. Impacts on a robot moving on low solar activity days, high solar activity days, daytime, and nighttime were mea-
sured over 12 months in 2023. We found that high solar activity day impacts a robot moving on highest accuracy error up to 363 cm at
high speed. In addition, we found that daytime impacts a robot moving on highest accuracy error up to 154.05 cm at high speed as well.
lonospheric delay according to high and low solar activities, and daytime, and nighttime effects on the GNSS interference transmitted to
a low-cost localizing robot was expected to affect moving errors, but it did not seem to lead to a significant difference in error between the
low and high solar activity days.
© 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction

Nowadays, the Global Navigation Satellite System
(GNSS) system is used in many areas. Traveling to target
places is more convenient than before because a GNSS sys-
tem that tells you the coordinates, directions, and routes to
reach your destination correctly and is used for logistic
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robots, pilotage of commercial aircraft, military, maritime
and precision guided missile systems. The positioning sig-
nals from orbiting GNSS satellites orbiting to the earth’s
surface can see interference in the atmosphere, which
causes the GNSS signal to be received incorrectly. The
Earth’s atmosphere is affected by ionospheric and tropo-
spheric anomalies which delay signal propagation causing
atmospheric effects due to high electron density. GNSS
receivers are widely used in low-cost robots for cost effec-
tiveness, as they can capture the positioning signals from
GNSS systems.

Ma and Maruyama (2003) investigated the origin of
TEC and estimator from GEONET in Japan, proposed a
method to quantify total electron content (TEC) and

0273-1177/© 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar

technologies.
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evaluated discrepancies from GPS satellites and dual fre-
quency GPS receivers using the GEONET network in
Japan. Bilitza and Reinisch (2008) improved this and
derived new parameters for the International Reference
Tonosphere (IRI) 2007 with two options for the topside
electron density, a model for the topside ion composition,
a model for the spread F, a model for auroral E-region
electron densities, a model for the plasmaspheric electron
temperature, and the International Geomagnetic Reference
Field (IGRF). Kenpankho et al. (2011) compared GPS
TEC measurements with data recorded in the IRI TEC sys-
tem at the equatorial latitude station, Chumphon Province,
Thailand (10.7244 °N, 99.3744 °E) between the years 2004
to 2006. Daily, monthly, and seasonal changes in TEC were
compared with TEC derived from IRI-2007 and TEC
derived from IGS TEC data at Chumphon station.
Vukovi¢ and Kos (2011) created an ionospheric delay
model for GNSS and improved the Klobuchar model.
Kenpankho et al. (2013) compared the observed TEC val-
ues with TEC IRI-2007 and TEC IRI-2007 with the pre-
dicted foF2 (definition) frequencies from equatorial
regions, in particular, Chumphon Province, Thailand.
Recent research has focused on understanding ionospheric
delays, yielding several studies in this field. Klobuchar
(1987) presented an algorithm for delay time in the iono-
sphere for single frequency GPS users. Liu et al. (2010)
studied time delay and duration of ionospheric total elec-
tron content responses to geomagnetic disturbances.
Kenpankho et al. (2011) compared GPS TEC measure-
ments with IRI TEC predictions at the equatorial latitude
station Chumphon Station. Ratnam et al. (2011) evaluated
performance of selected ionospheric delay models during
geomagnetic storm conditions at low latitudes. Mansoori
et al. (2015) studied ionospheric influences on GPS signals
based on range delay. Zhang et al. (2016) modeled the
effect of delay on GNSS signals, addressing the timing
error between GNSS and delayed navigation clearly limited
the integration in connected systems. Hadas et al. (2017)
established an optimal stochastic model for estimating
real-time atmospheric GNSS delays. They proposed to
take advantage of numerical weather forecasting models
to determine the best signal in the traveling process of ran-
dom signals. Maggiolo et al (2017) investigated delayed
time response of geomagnetic activity to the solar wind.
Saito et al. (2017) studied an ionospheric delay gradient
model for GBAS in the Asia-Pacific region. Zhang et al.
(2018) studied the higher-order ionospheric terms on GPS
tropospheric delay and gradient estimates. Pan and Guo
(2018) investigated real-time tropospheric delay retrieval
with GPS, GLONASS, Galileo and BDS data. Ansaria
et al. (2019) studied linear time-series models of the GNSS
based TEC variations over Southwest Japan during 2011-
2018 compared against ARMA and GIM models. Garcez
et al. (2019) studied the location of delay estimation in a
multi-frequency GNSS receiver and proposed a subspace
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tracking structure to reduce overall computational com-
plexity. Li et al. (2020) proposed multi-frequency GNSS
methods for acquiring TEC data in the ionosphere and
the daily variability of receivers were studied and adjusted
to reduce the reception of faulty TEC signals. Marini-
Pereira et al. (2020) studied regional ionospheric delay
mapping for low-latitudes. Zhang et al. (2020a, 2020b) sta-
tistically studied of the time delay of ionospheric TEC
storms to geomagnetic storms in Taoyuan, Taiwan. Zhu
et al. (2020) studied absolute calibration of GNSS receiver
delay through a clock-steering characterization. Zhang
et al. (2020a, 2020b) statistically studied of loss of GPS sig-
nals caused by severe and great geomagnetic storms.
Kenpankho et al. (2021) investigated real-time GPS recei-
ver bias estimation. Zhbankov et al. (2022) studied the
influence of the ionosphere on the accuracy of the satellite
navigation system. Based on low-cost GNSS, Chen et al.
(2014) designed and built an autonomous mobile robot
based on GNSS outdoors. Zhang and Hong (2015) studied
the navigation of mobile robot using low-cost GPS.
Francisco et al. (2015) ran a variety of experiments to
determine the scope of GNSS solutions as a key compo-
nent of the navigation systems of new farm robots: they
showed that the quality of the receiver using multiple paths
and other uncontrollable errors eventually occur in the
field, so the signal consistency must be continuously mon-
itored by the robot navigation tools. Hamza et al. (2021)
compared low-cost receivers with calibrated low-cost
antennas and proven geodetic instruments with geodetic
tools, however, considering their cost, they demonstrate
excellent performance that was good enough for various
geodetic applications. Rajapakshe and Hettiarachchi
(2022) also designed, built, and developed a research-
focused low-cost GPS robotic platform with a novel
dynamic global route planning approach. In addition,
Zhao et al. (2023) developed methodology of agricultural
robot navigation system working in GNSS-denied
environment.

Here, we studied GNSS based on ionospheric delay in
low-cost localizing robots following on research by Chen
et al. (2014), Francisco et al. (2015), Hamza et al. (2021),
Rajapakshe and Hettiarachchi (2022), Zhang and Hong
(2015), and Zhao et al. (2023) who compared low-cost
GNSS receivers in experiments on geodetic instruments
that were accurate enough for various geodetic applica-
tions with a variety of experiments to determine the scope
of GNSS solutions as a key component of navigation sys-
tems for new farm robots.

Our objective was to study the relationship between
ionosphere delay and the ionospheric delay according to
the atmospheric electron density using low latitude GNSS
satellites to navigate low-cost robots. Specifically, we inves-
tigated GNSS interference in transmitted to a low-cost
robot without modern and high-quality equipment to nav-
igate the robot.
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2. Data and methodology
2.1. Research method

We developed our low-cost localizing robot “G-LOC”
shown in Fig. 1. The minimum components needed to
build this robot included an Arduino nano CPU, motor,
wheel, motor drive, robot body, tracker and GNSS recei-
ver, power supply and some minor parts — nuts, switch,
light bulb and wiring. GNSS receiver was a standalone
GNSS module, which is built on the functions of the u-
blox NEO-M8N GNSS (GPS, GLONASS, BeiDou, QZSS,
SBAS and Galileo). It receives several frequencies, includ-
ing GPS LIC/A, 157542 MHz, GLONASS LIOF,
1602 MHz, BeiDou Bl, 1561.098 MHz, QZSS LIC/A,
1575.42 MHz, SBAS L1C/A, 1575.42 MHz and Galileo
E1B/C, 1575.42 MHz. The total cost of our G-LOC robot
was only approximately 8,150 Baht (about $US 241). The
site for the experiment was a road on the KMITL campus
(13.7300 °N 100.7812 °E). Nine points at the same longi-
tude, 100.7812 °E, were marked, starting at 13.73000 °N
and 3 m intervals with a further point at 50 m at 13.7305
°N, 100.7812 °E. Measurements were taken at different
intervals, including low solar activity days, high solar activ-
ity days, day and night times over 12 months in 2023.

2.2. Ionospheric delay time

We calculated the ionospheric delay (Af) as Klobuchar
(1987) and Kenpankho et al. (2021).

At:%/Nﬂt:%TEC M

where A is the coeflicient of medium refraction;
A = ﬁ, e is equal to 1.6022 x 10™" C for the electric
charge, m is 1.6605 x 107! kg for electron mass, and &
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<
<
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is 8.8542 x 107'2 F/m for free space permittivity, giving
A = 40.3 and f is a GNSS frequency. For GPS LI1C/A,
we assumed f = 1575.42 MHz in Eq. (2).
40.3
At =—5TEC (2)
S

where T‘T =4.0291 x 107

Ar = 1.6237 x 10" TEC 3)

For the ionospheric delay time, we used 2023 TEC data
from three different sources — GNSS receiver at G-LOC,
IRI model, and our experimental site in KMITL. IRI
TEC was found at https://kauai.cemc.gsfc.nasa.gov/in-
stantrun/iri/, which hosted the 2020 version of the model
providing daily and monthly TEC averages, along with
ion and electron temperatures, and ion properties at spec-
ified locations, times, and dates. The IRI model allows
selection of desired output parameters by inputting loca-
tion, date and time parameters. We extracted 2023 TEC
data for our site at KMITL Bangkok (13.730°N, 100.78°
E).

2.3. Solar activity, daytime, and nighttime

We used F10.7 ecm (2800 MHz) solar radio flux, rate of
TEC index (ROTI), and the ionospheric scintillation (S4)
index classifying solar activity as low or high. Before col-
lecting data in each month, we used the 27-day forecast
of F10.7 cm solar flux activities from the National Oceanic
and Atmospheric Administration (NOAA) Space Weather
Prediction Center at https://www.swpc.noaa.gov/products/
27-day-outlook-107-cm-radio-flux-and-geomagnetic-
indices, which includes a complete summary of weekly
activity and 27-day forecasts since 1997, plus an extensive
description. Following NOAA, we defined the averaged
solar activity into low or high solar activity days using

GNSS receiver

30 cm

A
v

50 cm

Fig. 1. G-LOC low-cost localizing robot.
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the F10.7 cm solar radio flux data, classifying > 150 solar
flux units (s.f.u.) as a “high” solar activity and < 150 s.f.
u. as a “low” activity day. We chose the experiment days
from 27-forecast of F10.7 index depending on low or high
activity days. Fig. 2 shows the complete solar activity from
the F10.7 index in 2023 which can be accessed at https://
www.spaceweather.gc.ca/forecast-prevision/solar-solaire/
solarflux/sx-5-flux-en.php?year=2023. Then, we used
ROTI and S4 from KMITL Bangkok station at https://sss-
lab.kmitl.ac.th/ and https://iono-gnss.kmitl.ac.th/ for
selection of low and high activities. In 2023, there were
63 days classed as high solar activity and 302 days as
low. The maximum average solar activity was 235 s.f.u.
on January 15, day 15 in 2023 and the minimum was
118 s.f.u. on day 321 in November. We selected 64 experi-
mental days — 51 days for low solar activity and 13 for
high activity. However, there were no days for low solar
activity in July, confirmed by ROTI and S4 indies. Simi-
larly, there were no days for high solar activity in March,
May, July or October. The numbers of solar activity days
and selected experiment days in low solar activity and high
solar activity are shown in Table 1. The selected days for
doing experiments are divided into low solar activity days
and high solar activity days. For daytime experiments, we
did the experiments at local time between 6 AM and 5
PM by using local time at 12 AM and 5 PM. For nighttime
experiments, we experimented at local time during the per-
iod of 6 PM to 5 AM by choosing the local time at 6 PM
and 12 PM.

2.4. Rough estimation of G-LOC robot speeds
To estimate robot speeds, we used revolutions per min-

ute (rpm) of a DC 12 motor starting at maximum (100 %)
150 rpm for a high speed, medium (75 %) 105 rpm for a

Advances in Space Research 75 (2025) 43864393

medium speed and low (50 %) 75 rpm for a low speed.
Our G-LOC robot wheels had a circumference of 62.8 cm
(cm). So, we can find G-LOC robot distance (d) by Eq.
(4) as

d =rpm x 62.8cm (4)

So, low speed was 471 cpm (centimeters per minute),
medium was 6,594 cpm and high was 9,420 cpm.

3. Results
3.1. lonospheric delay over Bangkok

We investigated the ionospheric delay over Bangkok
using three sources, the GNSS receiver at our G-LOC
robot, IRI and a reference location on our KMITL cam-
pus. We calculated TEC and used it in Eq. (3) to find iono-
spheric delay over each month in 2023. Table 2 shows that
the average ionospheric delays from our KMITL site in
Bangkok were the largest at 26.79 ns and the smallest
was 18.82 from IRI. The GNSS receiver at G-LOC had
an average at 24.95 ns. The ionospheric delay from all
resources was larger than the ionospheric delay at night.
During the day, the largest value was 27.96 ns for the G-
LOC receiver, and the smallest was 20.34 for IRT at night,
the largest was 12.11 ns on the KMITL campus, and the
smallest was 7.88 for IRI. Overall, the ionospheric delays
from KMITL campus were the largest and the smallest
came from IRI. Possible explanations for the large differ-
ences between delay from IRI model and G-LOC GNSS
receivers and the KMITL station were the profiles of the
height, topside electron density, ion composition, electron
densities and electron temperature in the IRI model was
up to 2,000 km but the altitude from GNSS satellites was
up to 20,200 km.

High solar activity

F10.7 ¢em Radio Flux (s.fu.)

140
130
120
110
100

40 60 80 100 120 140 160

Low solar activity

8 200 20 240 260 280 300 320 340

Days in the year 2023

Fig. 2. Complete solar activity by F10.7 index in 2023.
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Table 1
Selected solar activity days in 2023.

Advances in Space Research 75 (2025) 43864393

Months Numbers of Selected experiment days

solar activity days (Day in year)

Low High Low High
Jan 29 2 27, 28, 29, 30, 31 15
Feb 23 5 32,33, 34,35, 54 47, 52
Mar 28 3 71, 72, 73, 88, 89 -
Apr 26 4 91, 92, 100, 101, 117 118
May 27 4 132, 133, 134,137, 146 -
Jun 24 6 163, 164, 165 166, 167
Jul 27 4 - -
Aug 26 5 232, 233, 235, 236, 237 214
Sep 21 9 247, 248, 249, 256, 271 255
Oct 23 8 286, 287, 288, 289, 290 -
Nov 23 7 312, 313,321 308, 309
Dec 25 6 345, 346, 347, 349, 350 348, 351, 352

302 63 51 13
Table 2
Tonospheric delay over Bangkok in 2023.
Months Tonospheric delay (ns)

G-LOC GNSS receiver IRI KMITL campus
Average Day Night Average Day Night Average Day Night

Jan 24.52 28.02 10.51 15.76 19.26 7.00 26.27 19.26 7.00
Feb 28.02 31.52 12.26 17.51 21.01 8.76 28.02 21.01 10.51
Mar 29.77 31.52 17.51 19.26 21.01 7.00 28.72 21.01 8.76
Apr 28.02 30.82 17.51 19.26 2276 7.00 29.77 22.06 12.26
May 22.76 24.52 10.51 19.26 21.01 7.00 26.27 22.06 7.00
Jun 21.01 24.52 8.76 17.51 19.26 7.00 22.76 2031 7.00
Jul 17.51 21.01 8.76 17.51 19.26 8.76 21.01 17.51 7.00
Aug 24.52 26.27 10.51 19.26 21.71 8.76 24.52 21.01 525
Sep 28.02 31.52 14.01 21.01 24.52 8.76 29.77 22.76 525
Oct 29.77 35.02 14.01 2276 24.52 10.51 29.77 21.01 7.00
Nov 21.01 2276 7.00 19.26 8.76 7.00 21.01 21.01 3.50
Dec 24,52 28.02 10.51 17.51 21.01 7.00 26.27 19.26 525
Average 24.95 27.96 11.82 18.82 20.34 7.88 26.79 29.80 12.11

3.2. Moving accuracy of G-LOC robot

Fig. 3 shows the moving accuracy with speed of our G-
LOC robot at different target point distances and at differ-
ent speeds. Each line represents different speeds, blue for

215
250
225
200
175
150
125
100

75

50

Moving accuracy error (cm)

low speed, orange for medium speed, and green for high
speed. Its vertical axis represents the moving error in cm.

At low speed, the error in moving accuracy was lowest

at the 3 to 15 m target points but increased from 15 m to
50 m points. Especially at 50 m, there was a significant

25
0

6

Target point (m)

=e—[ow speed

=&=Medium speed

=o=FHigh speed

50

Fig. 3. Moving accuracy with speed of G-LOC robot.
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increase in moving error at 70 cm. At medium speed, at
15 m, the error was minimum at 72 cm and was maximum
at 175 em at 50 m. For high speed, the error was higher
compared to low and medium speed starting at the 15 m
point. The error increased from 113 ¢cm to 250 cm for high
speed. Overall, the higher the speed the higher the error for
G-LOC. The error was almost constant for the first few tar-
get points and then increased significantly.

Using measured 2023 solar activities, we investigated the
relationship between ionospheric delay and our robot accu-
racy for high and low solar activity days. Fig. 4 shows the
average error of G-LOC on high solar activity days. At low
speed, the error increased with distance, it was smaller at 3
to 15 m target points but increased from 15 m to 50 m
points. Especially at 50 m, there was a significant increase

Moving accuracy error (cm)

Advances in Space Research 75 (2025) 4386—4393

to 100 cm. At medium speed, at the 3 m target point, the
error was minimum, whereas at 50 m, the error was maxi-
mum at 220 cm. For high speed, the error higher than low
or medium speeds starting at the 15 m point. The error
increased to 160 cm to 363 cm at high speed.

Fig. 5 plots the moving error on low solar activity days
for all target points. At low speed, the error increased with
distance — smaller at 3 to 15 m points but increased at 15 m
to 50 m points.

There was a significant increase at 50 m for 75 cm. At
medium speed, at 6 m, the error was minimum at
100 ¢m, but at 50 m, the error increased to 200 cm. For
high speed, the error was even higher starting at the 15 m
to 50 m point where the error increased to from 200 cm
to 315 cm.

—e—Low speed
=8—Medium speed

—e—High speed

/

3 6 9 12

15 18 S0

Target point (m)

Fig. 4. Average errors on high solar activity days in 2023.
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Fig. 5. Average errors on low solar activity day in 2023,
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Table 3
Average moving accuracy error results in daytime in 2023.

Target point (m) Moving error (em)

Speed

Low Medium High
3 8.31 42.20 49.61
6 25.86 48.32 54.80
9 33.15 59.05 68.06
12 37.60 62.44 77.84
15 41.11 66.30 85.41
18 5491 71.29 86.93
50 78.00 124.80 154.05
Table 4
Average moving error at night in 2023.
Target point (m) Moving error (em)

Speed

Low Medium Low
3 38.48 50.09 61.43
6 45.36 50.99 68.00
9 59.85 54.09 72.23
12 63.00 57.38 74.52
15 69.30 58.95 75.33
18 78.15 88.90 93.00
50 85.50 121.50 126.00

In Table 3 shows average daytime errors in the year
2023 for seven target points. The largest error was
154 cm for the 50 m target point. The lowest error was
8.3 cm at the 3 m point. All errors started relatively low
at the 3 m point but increased significantly at 50 m.

Table 4 depicts the average moving errors for different
speeds, low, medium, and high across target points ranging
from 3 m to 50 m, captured at night. At low speed, errors
started at 38 ¢cm at the 3 m point, slightly increased up to
18 m, and then increased more significantly at 50 m to
86 cm. At medium speed, the lowest error was at the 3 m
point with 50 cm and the highest was at 121 cm at 50 m.
For high speed, the lowest error was at 3 m target at
61 cm and the highest was at 126 ecm at 50 m.

4. Discussions

We determined accuracy of a low-cost GNSS receiver
supported robot in a variety of experiments to determine
the applicability of GNSS devices as a key component of
robot navigation systems. The success of GNSS systems
for navigating low-cost robotic platforms was highlighted,
similar to previous studies of GNSS based on ionospheric
delay and low-cost localizing robots by Hamza et al.
(2021), Chen et al. (2014), Zhang and Hong (2015), Zhao
et al. (2023), Rajapakshe and Hettiarachchi (2022), and
Francisco et al. (2015). We found that the moving accuracy
of G-LOC robot decreased with speed and distance. The
moving accuracy stayed almost constant lower distances
and then increased significantly. We did not observe signif-
icant differences between the low and high solar activity sit-
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uations — contrary to expectation because the densities are
significantly higher during high solar activity. For using a
G-LOC GNSS receiver in a low-cost robot, the ionospheric
delay was highest at 30 ns in March and October at Bang-
kok, Thailand. The lowest delay was in July at 18 ns. Those
ionospheric delays caused a moving error in high solar
activity days which was higher than in low activity days.
Moreover, the low cost robot showed larger moving errors
during the day than at night.

5. Conclusion

In conclusion, we successfully found the relationship on
ionospheric delay and moving accuracy for a low-cost
localizing robot using a GNSS receiver during 2023. Iono-
spheric delay according to TEC disturbance in ionosphere,
high and low solar activities, and daytime, and nighttime
effects on the GNSS interference transmitted to a low-
cost localizing robot was expected to affect moving errors,
however, it did not seem to lead to a significant difference
in error between the low and high solar activity days.
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unAnga

anAdsatudsaituiedunmsmanuduiusserinaunuusivinlan (Geomagnetic field) uazn1siUdeuutas
gesmaBinaseusal (Total Electron Content: TEC) Tuduusseimeleloluaifles Tnalifoyaananfifudayain
afisnluszu (Global Positioning Satellite System: GPS) waziadasiaaunuwiménlan a anrtunaluladnsy
saundui guvanen szt Inenssmsuasaaudng tnndnssiniswdsuwaauusimanian uazdinu
Sidnnsourniluiuussonlalaluaiios Wusetu wavsiengnia weummudiiussrwiaumuiviniansay
aswasuuamesiaudidnasousaiuduussendleleluaie naaguannnsienuie Gps TEC ldaandu
vssnalaleluaiesfrudiniusfumsdouwasesmnuiminvaddananuuaiiulugsinuie femgifa
aqUléh Aaunawivantaniiniamilenhiuduussenieleleuaites

3

AndnALy: wwqﬂmuuﬂmﬁn, aunuuivanlan, Suaudidnasausil, GPS TEC, avfiand

v

ABSTRACT

In this study, we examined the relationship between geomagnetic field and total electron content (TEC)
variation in the ionosphere. By using data from satellite receivers in the Global Positioning Satellite System
(GPS) and the magnetometer at King Mongkut's Institute of Technology Ladkrabang, Chumphon Campus. be
used to analyze changes in the geomagnetic field and total electron content in the ionosphere on a daily and
seasonal basis, and to find the relationship between geomagnetic field and total electron content variation in
the ionosphere. As the results, we found that there is the positive correlation between GPS TEC from
ionosphere and geomagnetic field at the north direction which shows evidence the coupling on ionosphere
and geomagnetic field.

Keywords: Geormagnetic storm, Geomagnetic field, Total electron content, GPS TEC, Low-latitude
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Usinasdidnasausaalunuai Vertical Total Electron Content (VTEC)
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e X unu yumﬁwﬁag‘mﬁmmlﬁucﬁu’dmﬂfumLﬁ%ad%’u Sy iAoy GPS
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3.2 N13MAANENTUS (Correlation Coefficient)
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mﬂmamﬁmiwﬁ%z&aL‘Tjuswsmaw?wm 3 Lflou 'lmhdna'w?&Lm‘Lﬁaunin{]ﬁﬁu—ﬁauﬁumw A.A. 2023 91A
Foyatinsaunquiiy 2 wvds ldun Aauivdnlan Mnaniinsniasusuimdnlandminguws Yssmalne uas
Yoy GPS TEC naandnsieiaduussermaleloluadles JauToguws Uszinelng Inaded

5.1 Asunuudmanian

PmsaT 1 Aaususingnlan luhanmsrhafouningiau-foutusey a.a. 2023 dnaded

dounngay Tunawazarfindiu Sadunu X 18 36653 nT, Sasunu ¥ 1& 15063 nT uazInduny Z 16 8140
nT Tuaudte st Sadwny X 16 36568 nT, fadunu Y 'I& 15026 nT uazdaawny 2 16 8120 nT luSunszenfindan
Saunu X I8 36540 nT, Sarunu Y 18 14996 nT uazSasuny Z 16 8085 nT lunaiesdiu Sadunu X 16 36534
nT, Yaawnu Y 16 15016 nT wagiadunu Z 16 8083 nT

Woudamay Tunanszenfindau Jadunu X 16 36671 nT, Sanunu Y 1¢ 15068 nT uagiadunu 7 1¢ 8159
nT Tunauiesdu Saruny X 16 36583 nT, Saenunu Y I& 15038 nT uaz3aAuny Z 1@ 8136 nT luSunszenfinden
Sauny X I8 36549 nT, Sarunu Y 18 15002 nT uazSasuny Z 16 8098 nT lunadiesiu Sadunu X 1¢ 36540
nT, ANy Y 16 15027 nT wagiaawnu Z 1a 8092 nT

Wouugwu Tuamsyarfindiu Saauny X 16 36670 nT, Sar1uny v 1¢ 15054 nT wazSaduny 7 ¢ 8151
nT Tunawiestu Saruny X 16 36562 nT, Saenunu Y I8 15022 nT wazSaauny 2 1@ 8118 nT luSunszerfinden
Saduny X 1§ 36503 nT, Sadunu Y 1§ 15002 nT uazSaruny 7 16 8095 nT lunaiesiu Saduny X 1§ 36528
nT, IaAwnu Y 16 15018 nT wazdaawnu Z 16 8086 nT
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nT

5.2 GPS TEC

GPS TEC 1-31 July 2023
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i 1 A TEC andyauenafienses GPS Wusieusswinudisunsngiau-ieuiueou a.d. 2023
(1 TECU = 10" el/m2)

amnnwd 1 lunisfudyananiauiies GPs WisieTussudiadiounsngiay - Weufueeu a.e. 2023 TUSum
Sianasausalutuussenmeleloluaiiles il
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weunsngau Tunainszenfindu GPS TEC fiAn 15 TECU, afiesu GPS TEC fidn 68 TECU, nawszafing
an GPS TEC fldn 52 TECU wawiianilesiiu GPS TEC dif 22 TECU

WouAunen Tunamssofindu GPS TEC Sen 15 TECU, nanwdiseiu GPS TEC ffn 92 TECU, namszanding
@n GPS TEC fidn 59 TECU uasiianiiesiiu GPS TEC dif 31 TECU

WWouuenay Tunawszanindiy GPS TEC fidh 19 TECU, nanilue¥u GPS TEC fidn 114 TECU, nawsvarding
@n GPS TEC fidn 87 TECU uasiianiiesiiu GPS TEC fif 38 TECU

5.3 Wisuiiiou wazmemduUszansavduwussznineeauuwsimanian waz GPS TEC

N

e =

210915799 2 WU Weunsngnay Tunamszendinddu Aauuuswdnlananuuny X, ¥ uas 7 Sandulszans
avduusiuA GPS TEC winiu 0.43, anfisedy Araumuivdnlanaiuunu X, ¥ uay 7 Sanduseavdanduiug
fuAn GPS TEC iy 0.11, namszenfindanaaumiaimanianauuny X, Y uas Z daduuseandanduiudiua
GPS TEC 1y -0.35 uasian sy Araunuuimdnlanniuuny X, Y way 7 fadudssandanduiudiue Gps
TEC whify -0.08 uag -0.07 mudndu audanay Tunamszenfingdu Aauruusimdnlananuwny X,y uas 7 ddn
fudsyanSanduiusfiua GPS TEC whiu 036, 0.08 uag 0.19 muddy, naniinsiu Aauuivinlanamua X,
Y uay Z farduuseansanduiusAuai GPS TEC AU 035, 0.41 uay 0.35 ATNEIEY, ainsvarfindanan
awnuushudnlanamuny X, ¥ wae 7 fidrduysyandanduiusiuan GPS TEC windy 0.42, 0.4 uaz 0.13 auddu
waziIafseAu Araunadiminlanauunu X, ¥ uas Z Sarduuseansanduiusfus GPS TEC 1ihAu 0.45, 0.35
way 0.13 muddu, Woudusiou lunanssafindiu sauuudmanlanauuau X, Y uag 7 flddulsyans
AVENTUSAUAT GPS TEC 11AU 0.05, -014 uay -0.16 Auan#y, nafisssurmauuusmanianmaunu X, Y uay Z
flndnlszavianduius fuan GPS TEC Wiy -0.2, -0.01 uag 0.1 MUY, namszafndanAtauudvanian
ALY X, Y Uag Z SlAnduUTz A anduwusiuan GPS TEC Wi -0.26, -0.29 way -0.27 Fuansy uavliaiie i
AraunnusimEnlanaiuwny X, ¥ uay 7 Andulssandanduiusfudn GPS TEC windfu -0.11, 0.06 uag -0.17
ATNAIAU

A o P YRS . '
A5197 2 AdulseAvsanduiuduasmauruuimanlanuag GPS TEC

dndalszans nIngIAY Fawau fusney
andunus (n uaz 12:0
, 06:00 18:00 24:00 06:00 12:00 18:00 24:00 06:00 12:00 18:00 24:00
Haaran 0
wnu X-GPS TEC 0.43 0.11 -0.35 -0.08 0.36 0.35 0.42 0.45 0.05 -0.2 -0.26 -0.11
WNu Y-GPS TEC 0.43 0.11 -0.35 -0.08 0.08 0.41 0.4 0.35 -0.14 -0.01 -0.29 0.06
Ny Z-GPS TEC 0.43 0.11 -0.35 -0.07 0.19 0.35 0.13 -0.13 -0.16 0.1 -0.27 -0.17

6. afiumeuazasuna

Mneandenismdnaumuimdnlan faszoifindiuidauuuivinlanunu x gsitanaglugaaszning
36653 nT i1 36671 niT wazsgadiuny 7 gludaassuing 8140 nT fia 8159 nT hanandisfufliauwumsiminian
wnu X geilgmagludassendng 36562 nT fe 36583 nT wazsngafiuny Z oglugiaszwing 8118 T fa 8136 nT
Framnszofindandeaumuiudnlanuny X geaneglutaszning 36500 nT s 36549 nT uasanfiunu 7 og
Tuaia95evin 8085 T 84 8098 nT Maananlssiuiimaunusindnlanuny X gegregludasewine 36528 nT fia
36540 T wagsqmilunu Z oglutiasywing 8083 nT fla 8092 rT e GPS TEC Tuniammsyeniindu GPS TEC guanil
A1 19 TECU uazsandt 15 TECU Tushaiflestu GPS TEC gegmilin 118 TECU uazdanil 68 TECU Tunamszaniing
AN GPS TEC gagmilan 87 TECU wazsi1ani 52 TECU Tunaniflesiu GPS TEC gugmilen 38 TECU wazsanii 22
TECU uazendudszavdanduiusszuinamauiuuiviilanuas 6PS TEC lunamsrenfindiuiiengeaaviity 0.43
wazrnaainfy -0.16 Tusaaflesiu feageannindu 0.41 uasshaaniniu -0.2 Tuamszefindan Siegeanuindu
0.02 waziaavinfy -0.29 Tunaissiu fifgagauidy 0.45 uasihaawiifu -0.17 saaquanmsianuina Ges
TeC flFanduvssernidlaloluaile enuduiusfunisvisuare sauuivinvodananuunduiul dsie
wile fewniBeagulat Aauuwlvdiandmavdenhiufuusssmaleleluailes
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S -

nuanidvansnefuneuazdisuiisunanmidvaeandeeiuiuideves Chen, etal (6] Giniaaou
2 -1 o =l = : @ = g o
nansznureansiiasuuulmdnlanaindeya TEC uaridFouiiloudilu 28 Ju nsAnwiuandiiiuiing
ooa = o 2w od e s w & S & ' -1
awswimanianuaz TEC fiavmadendsiufiazigas Autuussemaleleluafivfazfiganaraonigusivinian
wazAtauuwimanlaniinisiuiantihfuduusseinieleleluflesaanadasiunuidoves Nava et al. [5] ilawen
ArwdiusssninanwemiyauLkiminlanfiazignnanafiumsanasseraiulddaiua TEC

7. Andinssudsznna
Nuieiidnsegarlylddefforveveunnniaivinsaransininssy uaz Space, Satellite, and Study
Laboratory 38 SSS Lab tunsld@muindiusunsvinanuise swlufsesansanuuiiedueinideidoudadin

¢

(APSCO) angsauigusznrniu uazan uvaluladnszaamndidanvmmsainnsz s Ingrungunansgaudng
Jauntaguws Usswdlne Midaileaniuilunsinaussesdiouinnsiiduasd
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INTRODUCTION:

This research focuses on the relationship between geomagnetic field and Total Electron GPS TEC 1-31 July 2023
Content (TEC) in the ionosphere, particularly at low-latitudie regions, such as Chumphon,
Thailand. Previous studies have ined TEC variations during geomagnetic storms using
GPS TEC data from GNSS systems, highlighting the differences in ionospheric responses
across latitudes. The research aims to analyze TEC changes during severe geomagnetic
storms in 2023 and investigate the correlation between geomagnetic field measurements and
TEC variations at low latitudes. The study uses TEC data from GPS satellites to better
understand how geomagnetic disturbances affect ionospheric electron content and to
explore the ionosphere's respanse to space weather svents.

METHODOLOGY: E 8 9101112131415161

The research framework is based on the principles outlined by Chen et al. (2017) and 06:0 12:00
Nava et al. (2016), which focus on the correlation between the geomagnstic field and
changes in the Total Electran Content (TEC) in the ionosphere. This study utilizes data from
GPS receivers in the GNSS system and geomagnetic field measurements at King Mongkut's
Institute of Technology Ladkrabang (KMITL), Chumphon Campus. The hypothesis suggests
that during geomagnetic storms, there will be a significant increase in the Total Electron
Content in the ionosphere.

The STEC values, including STECP and STECL, this calculation is ibed by
()(Blewitt, 1990; Kenpankho et al., 2071).

o

2 1 6 7 8 910111213141516171819202122232425262

) ™

24,
L k(ff-,

STEC

12:00 18:00 24:00

where k is 80.62 (m3/s2), I, and 12 (11 = 0.1904 m, |12 = 0.2444 m) are the wavelengths
corresponding to f1 and f2, respectively. The VTEC, can be calculated from the GPS STEC
measurement by considering the obliquity factor (Goodwin et al., 1995; Brunini et al., 2004;
Ma & Maruyama, 2003; Kenpankho et al., 2071). It is shown in Equation (2) as below.

VTEC=STEC, xcosy , @
The zenith angle (x) is the angle between a given location on the Earth's surface and 345678 91011121314151617 18192021

the vertical direction pointing directly overhead. The zenith angle (X) is expressed from
Equation (3) as

06:00 12 ——18:00 24:00

Figure 1. Daily TEC values from GPS satellite signals between July and September 2023.
Table 2: Correlation cosfficient between geomagnetic field values and GPS TEC

Correlation uly August September

coefficient
ersTee 06:00 12:00 1800 24:00 0600 1200 1500 2400 0600 12:00 18:00

R.cos ] ®

=arcsin| —£——
K c'"[ Ro+h

where RE is the mean radius of the Earth approximately 6,371 km,is the elevation angle
of the satellite, and h is the height of the ionospheric layer, which is assumed to be 400
km (Ma & Maruyama, 2003; Kenpankho et al., 2021). To obtain the VTEC with biases, as

CONCLUSION AND DISCUSSION:
VIEC=(STEC -b -b )xcos 7, @) The research findings show that the X-axis geomagnetic field is highest at sunrise (36653 nT to
S 36671 nT) and lowest on the Z-axis (8140 nT to 8159 nT). At noon, the X-axis reaches 36562 nT to
36583 nT, and the Z-axis is lowest between 8118 nT and 8136 nT. The GPS TEC values range from
19 TECU at sunrise to a peak of 114 TECU at noon, and 38 TECU at midnight. The highest
correlation between the geomagnetic field and GPS TEC occurs at midnight (0.45). The study
concludes that there is a relationship between geomagnetic field variations and ionospheric TEC,
The correlation between the geomagnetic field and TEC variations in the | which aligns with the findings of Chen et al. (2017) and Nava et al. (2016), indicating a correlation
ionosphere, the researchers collected data over a three-month period from July to | bstween geomagnetic storms and TEC variations at low latitudes.
September 2023. Data was obtained from the geomagnetic monitoring station at | REFERENCES:
KMITL, Chumphon Campus, Thailand. The study involved the following steps: (1)
Collecting geomagnetic field data from the monitoring station; (2) Gathering GPS
TEC data from satellite receivers at the same location; (3) Processing RINEX files to
calculate standard global TEC values; and (4) Comparing the three-axis geomagnetic
field values with TEC to analyze their correlation.

where and are the estimated satellite and receiver biases. (Kenpankho et al., 2021).
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RESULTS:
Table 1: Geomagnetic field values from July to September 2023
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