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ABSTRACT

Wide-Area Differential Global Positioning System (WADGPS) is a system that operates a number of reference stations to
provide correction information to improve the accuracy of GPS users, and it is available to service users within the area where

the wide-area reference stations are installed. Recently, as positioning information has been used in various applications,

the need for WADGPS for precise navigation in long-distance spaced areas where the wide-area reference stations cannot

be installed has been raised. This paper tested the user navigation performance outside the wide-area reference stations of

the WADGPS system, which serves both GPS Precise Positioning Service (PPS) and Standard Positioning Service (SPS) users.

Static and dynamic tests were conducted using vehicles, and as a result, position accuracy improvement through WADGPS

was confirmed even at points hundreds of kilometers outside the network area of the wide-area reference stations. Through

this, the performance of the PPS/SPS correction system and the possibility of expanding the service area were confirmed.
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1. INTRODUCTION

Global Positioning System (GPS) 3 HAA|AE (Wide-
Area Differential GPS, WADGPS)& t}4~2] 2|4} GPS 7| &=
ol gslo] AH| A o o] AFRAIIA HBHE AL 15 8
A RE AZskc} (Kee 1994). WADGPS 7|48 7|uto 2 thoFsh
Fell o] BA/RZAARE 15T 4 ok Y2 GPS2] Wide-
Area GPS Enhancement (WAGE)+= Precise Positioning Service
(PPS) AFE-A} 24-8-©] WADGPS AfH|Ao|th & o2 AR 2 =]
H17¥s}Fg 7]+ (International Civil Aviation Organization, ICAO)
o] F&of wat LA = HA7INEETFAIAE (Satellite-Based
Augmentation System, SBAS)-2 Standard Positioning Service
(SPS) AFA}E tjAto 2 13 E= WADGPS 7]& 7]8te] A|A
Hlo|t}. o]F SBAS« 7P is] 55 3 285w WADGPS
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Ala"lolaky g 4= Qlt} (Yun et al. 2011). SBAS
& I 225 ALDOR B} Uil AL
SBAS.J BY HRE=A
BRAA Y} H]—_:_QUE_' 01-5'_0601-

Sl=RE
iy %13\:4,
S+ Positioning, Navigation and Timing (PNT) A H o] HQ
A% EobA A Qo 1= PNT RS 2 5517] $lsl
A AHEA7E 85 2o 2AZ0] BN ARE TASHE
Aol FEEE Aol WhHoltt slx|uk Thoret 8.8 Ho}

olMdE ZIE=E AAT 4 Al AAY oA oA et
S PNT HJRE Q73Mth o]2i3t Z Qof we} WADGPSE] AfH]
£ Qg V|2 ol Sgsly] SIot AEe] Al gt
(Kim & Kim 2016). WADGPSS] B3] oJof 3122 ol 7]%
ol ofololnie] B A5g BAls}aL 72 olFe] we A

33
sas
7}
o}
S AR 28T 4 9)
= o] Oiloﬂ/q 3l 7]_ lr_o]_x]

= o -

Mo
o

lﬂ e

b orlr

a}

ﬂl

LT

HH
pLn

—nr

zé ]

o

I m]m
(R
> rE r

o
o

o2

o]
AN
2
A5

rlo
l-D

]-l'l

% ox K
1r b oZi jg
>,

s 43t AUE FAUTE o|ZRE JEF U G0l HS
" SHEAE olEsto] HAHGEL] 450l el Aol A Had
T AR 22 AES Ble AU AT o T e
AZe 4= Qlt} (So et al. 2016b). 7]&2] AT AE 0|23t 7]
Hes sk 12 AnE AlEdeld Be 7] A5 GPS 7
=g olgsto] IRl ASE aslet. = AT oA
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Fig. 1. Conceptual view of WADGPS testbed (So et al. 2016a).
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S BIET tithe 438 WADGPS EAJ7% H= SPS ARSARE T4}
o8 AE o] PPS £41715 ol &k ARGARS] &80l Aghe
th. olo]l wet PPS/SPS ARGAF RS AHIAT 4 gl FoR
ZHA|28l0] 91718 31 9lr} (Kim & Ahn 2021). PPS/SPSAFE RIS
A A3} $1RE ALAR] Zpedof A &] 2po]= PPS 4159} SPS 4
T o) ARE A& BASHE Aolth GPS CIPL HfolojAR &
2 BAAEE A F45k, o8 2¥ste BAREE At
™ PPS/SPS AR&A} BEZ AJH| A 4 glt} (Kim et al. 2019). A]
A 2 H o2 o]t AHIAE AFsH] HsliAle PPS 4l
45131 0] 5 7|uko 2 CIPL Hloloj A S
& Lsfof St (Bu et al. 2018). &
ol £ A9 Ak o]k 7ol PPS/SPSE AfHAsSH:
5 70l WADGPS A|A”E o] 85l3itt. & AaE §sf PPS
AF&AFe] WADGPS 2.8/ 7 &8 7Hs4d& eld 4+ 3le A
olct.

9]o} Z-2 PPS/SPS WADGPS A| ARl 9] A ] o] A 2] of|A]
o] d%5& =I5 #iste] PPS 41715 283 WADGPS 7]
Z2} AR} 5241712 9-45191Th PPS/SPS WADGPS A AH]
2 7] N A AaE FEelglon, 72 olAx el 2l
AR $417] 282 floto] ml=ro] M=ol FARRE =8 2t
© AYgelM Aol #Y=HU A2 AFAF #4171 17], PPS
7125 VIS AK 285tk 1 9 71E=2 A8 7= tlolE
Zgotdlon, BAFYY 4o T2 JPsiglont 24
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2. REVIEW OF THE DUAL-USE WADGPS
SYSTEM

315 AAsl7] Slo) S-RTWADGPS AlARLS T}
Z7]|&= (wide-area reference station)at 7]&= 441 H)
olE] S Zglslo] HAA R E AJAsI= o] 8] (wide-area
master station) © 2 JLAJ =T} (So et al. 2016a). Fig. 1> WADGPS
HAENES ShiEo] THRE BE 1Y AERH B2
7123 YA T AF BAE Bt 2 APL 4T
2 AREong BA A2 ARl ANt 2 A

Ao HAA] A Ad W B PR ol E &S vt
Fotint. HiAlA]l AE H o] Ex SBASOA 285
S A-85I3ich 941, WADGPS B B = SBASO| H|A]A] BHY
I FL5HA g eJeta F7H o2 CIPL Hlolo|A S AdEs}y] 9
XA BR S AR ARSI HIAIA] 9] Yol E £
RTCA MOPS DO-229D £4]2] Table A-250] A <] t|A] 7] €}
A Fo) GellolE 710 wet A E == 5kl ar, AREAlA
AEHE Ad S5 EF 250 bpsE 7Hgsto] Yol o]
TJ= ATt (RTCA 2006). o] ], A5+ AEE CIPL HEo]o] A 7
0] wA] 2= SBAS HIAA] BFQ]ellA] A &Jshe 7P 71 Fd o
dlo] & 7] 7491 3002 & A3 s}ict.

B2 EFE GPS A2 ASNe] FUHFoR A
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Fig. 2. PPS/SPS C1P1 bias estimation (Kim & Ahn 2021).

ShaL, YA =2 AAAE/AIZ B R e S BEYR
£ AY/d it (Kee 2014). Fig. 19] 215 AT AR &85 = A4
9 spdofo] AlBalo]d W A1AIZH dlo]E] &4 5& B8] 1d
= A aEl9] Ao SLol5l v 9JTh (So et al. 2016a).

o] ], WADGPS A|AElo] PPS/SPS AFE 2} HEZ An|As)
7] 5l 718w F 4 1719 71&= A7)+ PPS 4718 o
ZH5}ed PPS/SPS S X|7ke] A AeFS 5431 o|2HE 714
$4dell gk CIP1 Hfo|oA A S 75 8ok Shot. GPS 9143 o] PPS 4l
5911023 MHz2] P(Y)F.E 9} SPS 41591 1,023 MHzS] C/ATLE
A5 5 Y5t 55 TP ollA FElU Alol &3 T2 RF &
Aol A] WA sl 2| )10] Fatgeo] what th2 7] ool el &
2 Aol P(Y)ZLES} CAZES] A7 2|lo] WA, o]y
A 7} SR sl PY)RESE CATE Zhe] AL CIPl
Hholoj AR 7 oJ3tch. WADGPSE SPS Ti= PPS 753 4:417]
271508 BARRE AMGIEE, AAE BAH RS SPS A}
8712} PPS AFE A} ] S8517] SlaiAle CIPL Hjoloj A
22 A gslo] AAZLE WA Folok BT} Fig. 25 )
CIP1 Hfo]o] A 234 3} -& T A]5E 1 o]t} (Kim & Ahn 2021).

2143 Cipl mojoj Ao thgk & SJsiA] 4] (1), (2)2F 2ol
L1 C/A FE 2A7F C1 7} L1 P(Y)e] 247F Plof| tjs)] =5}
23t} (Bu et al. 2018).

mlo

o}.i

Cl; =R; + Ij1; + Trop; + Bsat i + Breyi + ClBia’SSatri
+C1Bias,c,; + MP¢y; + Ney; @)

Pl; =Ry + 11 + Trop; + Bsaei + Brevi + P1Biassqy,
+P1Bias,c,; + MPpy; + Npy; @

o17]4 it= 144 2] PRNH S, RS 91t 42417] 74o] Geometric
Range, I, L1 Sato] gt o] &5 X%k, Trope tiF5 A
A7}, B, = 9JA 29 Bias, B, = $A17] 22 BiasE ojn|sic}.
ClBias = Aol 2] L1 C/A A5 4] 2|4, PlBias,, = $JA1¢]
A2] LIP(Y) 415 A4 X, ClBias,, = 4-417]191419] L1 C/A 41
S A%, PIBias,. = $417]91419] L1 P(Y) 415 2]¢1& oju]gict,
1|3 MP4, MPyT}t No, Ny 212} L1 C/A9E L1 P(Y) £ 7k

57 Re} 243t ol 25 ojulaic,
C1P1Biasg,; = C1Biasg,.; — P1Biasg,,; 3)

C1P1Biass,; = (C1; — P1;) — (C1Bias,q,; — P1Bias,,;)
_(MPCI,i + Neyj — MPpy; — NPl,i) 4)

MP1l¢y; = MPy; + Ncu'

=Cli— L1+ (L2 - 11)) — mean(MP,, ;) (5)

MP1py; = MPpy; + Npy

=P1;-L1; + o(i_l(LZi — L1;) — mean(MPpy;) (6)

C1P1Bias; = (C1; = P1;) = (C1Bias, y; — P1Bias;yy;) — (MP1gy; = MP1py) (7)

Final C1P1 DCBqyy; = C1P1Biasgy,; — mean(C1P1Biasyg qy) (8)

2] 9] CIPIBiast Al (3)-& & ]38t 2 9t} CIPIBias: Al
Mol A1 )& xHEste] 352211 R, I, Trop, B, B, AA
goma 4] @k 2ol A4E 4 9tk O T Ple] Sl
SL £FE A 29 S ol % BRI WP U 4 (5 O

n ZAgrom Ak 4 olrk
(Vazquez et al. 2013). 2% ClIP1Bias ZF-& Cl 23302 P1 247k
o] 2FE 3} 2417160141 €] Cl, Pl Hto|oj A 2RE Zhat S 3k Cl, Pl
of ZF= o] Qli= MP7He] A2 0 & AL

A1710l| A 9] Bias X221 ClBias,,~PlBias,., 42 2= 943 0]
41 QEEURE] A8 X2 ©7kA] 22 RF A%}, e, Alol&
= e

77 4415]7] thio] BE Shdol el 2L 3k ek u
2hA ulololAS AASIA) Pobs $ixslel dake 4] b
EH CIPL slolo s A A] 2 B 002 Bt 3h) S

A 2} 9Vg7re] ARl 2k Alttstr] wiell CIPLHojojA
ol = FFE 77 b=k §h LI C/A 9} L2 P(YV) 9] A7) &
R EE 34 Rl g Fo] Apo| 7 QI #4417 HEAHE
of fo]2 A Fol fdmitt ox kA H|X| & FIFe] thEA =
oF. weEbA] MPo MPy & 527 5 s Cl, PL S gkl A 578
E} p417] kol 2 RS AASKIH ZF 1/dell disto] A (1)
< o]&3ll M4 CIPIBiasE Alhtelar, 2F2 o2 A 9144 o
3lo] Biaso] Bi-g 002 24510l A] ©)7} o] 7k $14 7+ AL
tfA ¢l Zkel CIP1 Hfo]o] AE AAVSFITH
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3. TEST SET-UP

Be 9% FAIS WADGPS A48 & TAsH: 71539
P& A, AR FA) 7, A BH R TR 4

Hi

30
% 2 >

HE WADGPS Ro] A48l S T3] glole] B&7|1E3
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Fig. 3. WADGPS reference stations in Ohio, United States.

Fig. 4. Reference station set-up at Ohio University.

o wljx]ef] el A gict. 2 AP S S8l & 8719 SIS
ol 5191 on, T257123%0] Hix7} FHEE ] AT fAHE 9]
27} H| 2 & s13itt o] $1al wl= Wi GPS HAJH|o|E & AlF
She APl &8 PR V127 7710k 1 AR 9ol A7 75
3HPPS 4417 £-8 7183 1715 F83I9Ich Aol a8 A
©1.8 n]=- Ohio T_J Athenso]] €]x]3t Ohio UniversityS 7]&
© 2 51993, i AAo|A] PPS 41717 A LE 7|2 EE &8

_\2
s
=
ﬁ

= 1T o
Tt 1 9] 77] 7|&2EE nl= siFtir1d (Natlonal Oceanic
and Atmospheric Administration, NOAA)¥} o= A EH7} &

Sk Ohio = A9 1] 7|&=& E83I8ith 771—4 *POIE
oko]= OHUN, WVHV, TNII, WVGB, PAGW, OHFH, OHHU®] 3
Fig. 30| #&7|E=9] x| & EAI5HIT

EA) 2, PPS 7|52 Ohio University2] 71& W o]l4] Novatel
AFO] FlexPak-S 441715 A -835)9ith. FlexPak-S 4417]&= PPS
9} SPS S A& FAlol AlFsle] A= S/WellA] CIP1 v}
olo]AE 24Tt 4 Q)t} Fig. 4= 7133 288 9|5} FlexPak-S
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Fig. 5. Reference station overview.

71, AAAA, Bl HEE A
*01“% Fig. 5% HFH R FH= U575 NE=R
Ohio University g $%*]2]= 9 PPS £417] L 7|&d 02 &
85131 79 77]9] SPS A A 7153 Tlolel 2 Basloict.

AR 2, AFHEA}F $~417] = Novatel AF2] FlexPak-S& A2-5}33
11, Novatel OEM7 4241715 Zro] AFzksto] A2 9l E2 Als]o
Mol e 712917 ol BEIT. Fig. 6& 41717} 2t
£ 4417] Wpol 3, Fig, 7} o] kER-S o] g3l X ol
A AF8A $41719) 441 Al BUE R Elo]E 24 5ol &
8 Ao 2 Sas1Ih. Fig 82 Agel AL4F xhapolm, ek AF
Tl 421 QhelbE BT 4 ek

opzjeto 2 AHS 435 A2 E Fig 9o TAlSIIT S
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Zog of 364”1’“2 6AIF7 e ©
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Fig. 6. User equipment with PPS and SPS GPS receivers.

Fig. 7. Operation of control and display software for user receiver.

Fig. 8. Test van and GPS antenna attached on the roof.

4. TEST RESULTS

A A= PPS $2417] & o] g3le] 4% CIPl HloJolA A
kel PPS, SPS 42417]0f thet FA, 54 Aatg LEsiich A
T2 2018\ 74 31U HE 8Y 19712 ok

AR 2, 2 A 717F F<2F Ohio Universityol] A X5 PPS 7]
F%E olglo] 7 CIPI Hholol A A Fig. 100] EA
slodeh 2% WhHe J1E EReld A8 71M S A 8sisict
(Kim & Ahn 2021). Fig. 102] Hehy Tt 21 2451 2
Flo]1 AL t]E NOAAo|A] &835]= Crustal Dynamics
Data Information System (CDDIS) d|o]E{H|o] Aol A] A5 =
Differential Code Bias (DCB) ZA3}zFe 24 CIP1 H}o|o]AE 9]
ujgitt, 2golA] Kol Hiel Zro] BE ZEA] f14de]l thaliA] &
AVgt ATHE Bolx glon], F|E QT4 S uhe 2ol
CIPI Hjolo s 2 ATH 7|25 AEshe X145 7% 3}
o7} 9l o uq Flg 109] xol= utd o 2 ezl x}o) o) SAFsH
£Z0]2 3lols19itt (Kim et al. 2019). o] 2 X €] FlexPak-S 4241

o)

Fig. 9. Trajectory of the user.

Fig. 10. C1P1 bias estimation results with CDDIS DCB.

715 ol-&3k CIPL Hioloj A 2Ol fr oS %LOL?:} 4 Qi
SR 2, Michigan 5= Bay City X|ojlA] £ A
I}+= HQITh Bay Cityd] F2 Ay AaA= WADGPS 24 2
¢l Ohio University$l= A Aa]& 500 km7}ek o] A9 o
™, 8719 71&= & 7P <ol f1x|5te] Bay Citye} 7 <
et 79 OHFH 7]&=rate] 214 A= 270 km2H, ARSAR=
WADGPS 7|&=r U ES|A &) of At Aoz & 4= Qlh
Fig. 112 59] A1}5 BAIGE Al o8 Ade a3 X519 +
& JHPOIL 79 7P obefle] e ATl mE 94}
A3 Ao|th BB E 2 85)x] 9k 7Aoo Amsie
= 068 m (CEP)o| 2L 2] 35 = 277 m (PE)o]x, B4 HX

2 289 A9 £EYBE 020 m (CEP), $2 435 084 m
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Fig.11. Static positioning results for SPS receiver.

Fig.12. Dynamic positioning results for SPS receiver.
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Table 1. Summary of the test results.

Static Test (In Bay City) Dynamic Test (Ohio > Bay City)
Horizontal (CEP) Vertical (PE) Horizontal (CEP) Vertical (PE)
PPS Standalone 000 000 000 000
WADGPS |71% (w.r.t Standalone) | 70% (w.r.t Standalone) | 64% (w.r.t Standalone) | 76% (w.r.t Standalone)
Sps Standalone 0.68 2.77 2.78 3.32
WADGPS 0.20 (71%) 0.84 (70%) 0.90 (68%) 0.92 (72%)
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A 6AIZF Bk 2l ol F5-2 Bl o E T4 AP AE B
otk 58 AY s ER1S At A & AR Xl AR}
$41719} o] B2l Novatel OEM7 £2417] 34 %], 2F5F ol
Azl wal 925k NOAA Y DOT 44814 AkA] 7|5 flo]
B, A& AU E9] 2ZEo]Ql WaypointE o]-8§5to] 44513
t} Fig. 12 A¢ AE Qo Jlz a2 Aldke] 132 xj=F
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