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Shortening the Convergence Time of GPS
Precise Point Positioning with Global
Ionosphere Maps

Feng-Yu Chu*, Ming Yang**, Huang-Yuan Lee***

ABSTRACT

Precise point positioning (PPP) technique can use single receiver to compute
centimeter-level positioning results under the international terrestrial reference frame
(ITRF). Nowadays, the PPP technique has been one of the commonly used technologies
for cadastral survey, engineering and scientific applications. Since GPS constellation is
supported by all receivers, all users can use GPS measurements to achieve PPP (GPS
PPP); however, the positioning results of GPS PPP requires a long convergence time,
decreasing the practice efficiency. Combining the information of a global ionosphere map
(GIM) with the PPP model has been one effective way to reduce the convergence time.
Between-satellite single-differenced (BSSD) model is a popular PPP model at present
because it can eliminate the receiver clock error and receiver differential code biases
through the BSSD technique. However, when combining the BSSD model with the GIM
information, the errors of the GIM information will also be amplified according to the
theorem of error propagation. Until today, no studies have been conducted to evaluate
the impact of amplified errors on the convergence time of GPS PPP. Therefore, this
study attempts to combine the BSSD model with the GIM information and evaluates the
feasibility about decreasing the convergence time of GPS PPP. In the analysis, we adopted
the IGS (empirical) GIM and a National Cheng Kung University (NCKU) physical GIM.
The experimental results show that the convergence time of GPS PPP can be reduced for
both of the two GIM when the a priori sigma of the BSSD ionospheric delays is given
with £2 m. Moreover, according to the regulation of cadastral survey in Taiwan, when
the PPP technique is applied in agricultural regions, introducing the GIM information can
effectively improve its efficiency.
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ZIRE I 2 A (Global Navigation Satellite Systems, GNSS ) & 2% B #% &
(B 2 SRR - BB SEBINIGPS » BUHEMGalileo » fEENTIGLONASS » DU
FEAE3} (BeiDou navigation System, BDS) #5525 o fAHEEN (Precise
Point Positioning, PPP) J&—E#rBlr i 2 8 fr 5l » B M RS MEE Ay i
ko A DUE S E A B ER 2B HESE (International Terrestrial Reference
Frame, ITRF) RIS o TEMERHIRAVEN L - PPPEIEE HAEJINEN
Bty (FRE4A » 2009) o JRRFER LS HFEE ES I S VEENE - 532 B DL A
HERAMEFRZR - EEIEARE R E AN Sl &R S - fEEMENL T - PPPR]LL
Ji e e AR B B SR B ROE (FE3H 0 2019) -

PPPRYGT AR R H A (Sl L) BUllE - HAlE et B A R iR
o BB TEEUA MR (Tonosphere Free) #RIERA AR - 7R AT IR
AU A EE B o 1 A o A 4 B T AT BRI B R g A 5B 2 2 H AR
RIR2HAVHHE (Ge et al., 2008) - 55 FERRIfE A 2 M —K7ED (Between-
Satellite Single-Differenced, BSSD ) flif » fEILAH/EBSSDAEAY » ‘ERES I EREHI
RS fRZE (Differential Code Bias, DCB) DU RS 721 52 2

(Khodabandeh and Teunissen, 2015) - 25 =FE A Q2 AN S B S T TR L
#HE » EEFE{FUncombined PPP (UPPP) Y - SR AEEREIESS 8 H I 21U
M - H2H FI iR AAEL - UPPPIAEMGET I BN R MR 228 (Li et al.,
2019) -

GPS PPPAGR A HIGPS B B R HETPPPEN. - AT AR UERER SR GPS
2%+ KILGPS PPPRAEAr i I HL r] LT THIER 720 - RGPS PPPRREEIRE
HIIRF A RESE LY » AlMlou et al. (2016) EHEHHIGPS PPPAEENRERZ NFE2E477)
$7 IE68 %I Lok HE N HER AT ER RS S - B TIRMEKGPS PPPHYILGIEF
il - pgesR A TYI=M 550 - S5 5k eI IR L 2 RWIATE T » 1]
KGPSHLH ' B A4 » Hl4Cai and Gao (2013) 4347 1 # 2 AGPS/GLONASS
PPP » Z B (E AR BB B E AR T - ZR AT DU SRR I 8 F R  Liu et
al. (2017) JFABIREMZC 4047 T P2 AGPS/GLONASS/Galileo/BDS PPP » Z§3H 1]
LUHEGPS PPPEIAE —FHYMIRF FBERN S A ER KSR - 38 A2 FIHIGS
TR LA AL R 22 2 i 2R [ E PP PR AY HRBE B R E (B YRR BRI - (T 58 PPP
M (E K E ( Ambiguity Resolution, AR ) ° I AR B] UG RkE 75 PPPH U #i ks
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] o BIBR L H 2 HME 2 H RGBS E A i B ARRL R ZE - Bla0nE ANRCHH
% FHDecouple Clock (DC) model (Collins, 2008) ; #EBICNESHH##Integer
Recovery Clock (IRC) model (Laurichesse et al.,2010) ; fSEIMGFZ ~ S =
KE ~ HAMMADOCAFH#:FER Y Fractional Cycle Bias (FCB) model (Ge et al.,
2008) o DL =RV EAE S5k B2 S ENL T DRl B i A =X A A

(Seepersad and Bisnath, 2017) -~ 55 =ff LRI E M HEEINIARE Sebadin - a0
Shi et al. (2014) G A ARG &R 7 PPPERIRHE - MR AR R HIE20
SreEt% o HEE JTMIRYE MR AT HIEARR21 S8R 10.1857 MR T %
g &AL - WREFBEH HHBIFEGNSSHR#B#H#% (International GNSS Service, IGS )
TRty 2Bk ERE R 944 (Global lonosphere Map, GIM ) &ifl (Schear, 1998 ) sKiiE%E
PPPI I aiiRsf]

E=FEPPPE R - TP R CER ] 7 I EE Bl fH & 1T 7R 0 FHGIM &
#\ ; BSSDEALUHE K GIME FHASE — K251 FE AL 5 UPPPREAYAIE LA B2 il
RS A GIM A RS & UPPPRLRIBAGIMAUAHRBIIZEAI K > Banville et al. (2014)
{3 FHIGSEE BRI GIM et R AR AL 72 IR - FEBIGPS PPPHIFES /3 i1% ~ 68%HI(E
7K IE NS TR ERIRSIE © Luo et al. (2016) fRHIHEHIGS GIM A]HAZH AT
GPS PPPEZI/A T HRKS B P A= AU 8 » Tu et al. (2013) ~ Xiang et al. (2020)
[AlRS | AIGS GIMFAUPPPHE AU s A sl Rs i + {H /2 Xiang et al. (2020) FHHIA
[RIFEEBUERDCB AL B 7 =t 2 — i s B R Y IR -

R TIGSZERY ~ FHGNSSEBUHIBUE [ i I#eEaE (empirical ) GIMZ S} » B
EAEER B Y T RAIGIMEE &SP (physical) GIMAYEE: Ry
ATFE R A TEE A KBRS FE SR S R B R FE B - RIS TH R B B g &

(Chen et al., 2016) -~ RMPIEHGIMHFTAZ ERI K22 R RATEH » MARTERR
BER L -

REFTHIIGNS SEIEAR SR GPS £ 5% » {HiZ2GPS PPPRE EH I sl /7
REER N ENAGE - RIELAAr 6 FGIMAK A X HERIGPS PPPYHIUIRE ]2 —{H &
ZIISCIRE - BEPAUPPPRAI W BRIz R AS A GIM - (B2 E R IUED CBAYZ
AR HRE - EHUPPPREAUAHEL » BSSDIE AU E BALE A RIS HH— R 72243 2K
FREZIREEDCB - ik & rf DISE 2 HERDCBRY 22 - (HERBE R GIME AT B —
REE5EREE - RIHLGIMAYFEETUR S = R ek -

H AT AR SR SE B PR H5 & B S SDIE R EAGIME A RGPS PPPRURENY
2 KA RS S R B AR GPS PPPUEUIRI TR AR - [RIFF » ZRBF5E
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s LG S E B FEERTEGIM DL Bz FHIRINT BT A B K 28 KR T FE =2 A B P e
GIMAEGPS PPPIE SUAE FHYZ=EE -

» EIRERES

(—) IGS GIM

IGSHYEEAESEHEE (Continuously Operating Reference Station, CORS ) i@ffi2=ER
HERFBSEEER - fedt 7R r922 M R R S HE - aE 1 - IGSER T
ol —IERIN E#H s (Center for Orbit Determination in Europe, CODE) fiff
H TIGSEEEHEBERIGN S SERHIEEE » DL—{E15FERIBREE R B FERGIM - 1IGS
GIMELEHE 5 20 28 DA— il /NIF A IRt - HEA& 0 22 R AT 55 20 I R A8
JESEE ~ #2251 - WA BB EEHMEE &= (Vertical Total Electron Content,
VTEC) -

B 1 IGS CORS%H 1 &
ERIRIR - IGSHIUY : https://www.igs.org/station-resources/ ’
B H 2021556 H 15H »

(=) A3 X% GIM (National Cheng Kung University GIM, NCKU GIM )
NCKU GIMHYZETLFREENA SEBIHI B R AR Fe L AT i H o B g B FE g

AR (Thermosphere Tonosphere Electrodynamics General Circulation Model,
TIE-GCM) - TIE-GCM¥3 ] B A= TH e BB &l - AR S TR
WS MRERE R (Solar EUV) -~ EifeEuigsass (Kp) » Ll&Heehs%l]Weimer
R 2REFIRE - ERE - EREEGEE - 282 - PHRAEEE
IR ~ 2 ~ RS~ KR EZE W%&?\%J&%E’JM‘F% (Roble
etal., 1988; Richmond et al., 1992) ° [thGIMAYZZREfFATREEARE2 S ~ FREF2.5

IF R AT R 2 T NI B — 2 -
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DR BB R K22 K@M = FITIE-GCMYEIRE S - A Bk =#EE
TIRE SN A2 EEET « 28108 BRGS0 . 75880 E Ry K5
LIMMREGTREE (Solar EUV) FUHEIA ~ /Sfe & 1 BE BfE g B 855 FH Heeli st AU 52
728t » PRREERYEREE B HRichmond R AET T2 8L ~ B RAR = R
HIFRHOT/A R » i i R I S00ZE 800 B » FEZE ARG TE B[R A%t
(Chen et al., 2016) - HIRTIE-GCMYEE A BRI EUE S B HBIER
FIm » KILER B TIE-GCMEE X TS 2 2 ER =HE BB IR S R {E ST IS 351G S

UL TECEWE ~ DUKiE /e Ml 2 = R Bl -Lak o i AL Bk -

(=) GIM #y4& A

IGS GIMKNCKU GIMAHER EEEREE (REREthZR60222,000 B2 KR
J) fiifL R B —WEREE (Single Layer) - GG ZEMEE IV TECE 15 2 I HER Y
b AR R

B HEGR
Single layer
H

E e

Receiver

B2 TaEEE—EREZ%T~EE (Seeber,2003)

Horb i 2 R AR B RAUERRV ISR L BAPLEERRI A BEREZE B (Tonospheric

Pierce Point, IPP) -+ [T 2l 85 25 iy (o EE AR B R Ay A2 BE R F e SE BfEfE B (Sub-

Tonospheric Point) ° zEiZIERERIE Z RTAE » 2 BIPPEAE Z RTHE » REH

BRPEAR » HEHERBERE » o IPPRIEIUER Z L0 AR A - fgt& - FEIPP EZ VTEC
HUER T BRI H SR E N E - 28w 2R e E R ETECEE (Slant

TEC, STEC) - i FBRES RS (1/cos 2') BEAVTECHY i - Wi 2 BfRanA =
(1) Ar7x (Seeber,2003) -
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1
cosz'

Rsi DTS et aaas
~VTEC- 1-[ S‘“Zj
R+H

= - PPPiEE!

STEC=VTEC-

AEE LT AEGPSEIHIE - B2 N AR HERIEPPPET R A » 255 —H 2 E ARy
BSSD f&#Y » 25 —fE i A S E g &5 (Tonosphere-Constrained, IC) HYIC
BSSDF&HY o

(—) GPS #al &

fir 2 NI R A By S B S AN 5 3 DU B R i s B & il T 37 2 2k
ARAETAGNGR L+ RIL - A o] Dbt 2Ry RS DL AR A R R ry Bl R =X R
7Ix (Teunissen and Montenbruck, 2017 ) :

Py =pite(dt, -t ) h0(d, 1} )T TS €S (2)

0=y et -t +ox 8, H T4 KT FAN ES e (3)

HAPREREMENIE - o CRAMERE - RIS 1 (B3GPS L1LUK
L2) -~ of QR ~ sRERE A - pREHEIRBUR ZHRIERE ~ dt Fei
LBI%H%%%% v AR AT R REER S - ThHETNE 2 S EE R - DR ERHERL

LR R (AT E40.3 x STEC/AE) ~ w = (f/f) > Rl (58 ~
d%aﬂ%ﬁ SR R IR MAEE ﬁ%ﬁ%ﬁ“ﬁ# eﬁi\%ﬁﬁﬁ%ﬁzﬁﬂ%ﬁuﬂbn)\%%ﬁ«
S e Ry MR IEHIERR N A 2B R ARS8 » NT; R R S BT A B e 2 A B R R
2200 ZHER - SEMRBER RS - FRATT -

HERHIRHERZE - EERGBEAM A OMRR ~ SagnacBUE ~ THEGERSUE - tHAHERE
SURE DL B fidy B 22 RB A E. (' Yaw-attitude model ) HREASK] FHASEREE N ALER - FHEH
i F 51 ] 228 Teunissen and Montenbruck (2017) -
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(=) BSSD ##!

BSSD#MIEFH—EBEIE - 1ER— L] N W0 FH R R RE A [ i 2 i =
ZEE - FIH T DS E R RS RN R MR 2 o R R R L s R R 42
B B s 1 DU R 5 B s 2RISR » i s 13 R A » S5 —JHE 28R B R &2 -
BSSDRYEHIHITRE=0a0 F 2R

sls2 _ _sls2 sls2 sls2 sls2 sls2 | sls2
P =py e x dtT e x d T AT L X e e (5)

sls2 __ sls2 sls2 sls2 sls2 nrsls2 sls2
Qrj =Pr +exdt +Tr K XIr,LlJ")‘ijNr’j +8r)j ..................................................... (6)

HATA] DL B BRI MU AT B RVAR 72 » d DURedt, a] LIS B SSDELAIHER » 59— 75
T - A ERIRFSEER A FEE » Ao LB AT PSS FITG SHR PR i 2 IRr S 2 A L AT B
Z o T R EIS R A 22E - & AESIRIFIIG SER AV E DC B2 S AKIH
R o XL - BSSDIERURERH G A ] DI b (PG - 2021) -

sls2 _ _sls2 sls2 sls2 | sls2

Pr,j =p; T, +P-j XIr,Ll +er,j ................................................................................ (7)
sls2 _ _sls2 sls2 sls2 nysls2 | .sls2

@1 ~Pr +T, My XIryLl +7bj XNr,j B e e (8)

A (7) Dk (8) @@ bzt » It HARSA o 2RV IE DI - HEiH
Tt ER AT -

E(y) =A - a+B - b+M - ZTD, D(Y)=Qy, ccevvveerrrrveererreerereesssesseessseesesssssseeens (9)
HAEO)RRHIHEE - D) RBEBEER 1 - fFRy ROBERE EGTHEEZ
BRI S M & - B EZHRE RS + E5EFIH T modified Hopfield model 5
BRI A G 5228 T L BREREHIF T zenith troposphere delay (ZTD) 2282k
WU o (A EadeRal T

a:[dx dy dz N3 oo NOONYYS o Nilfﬂ .......................................... (10)

Hrp s dx, dy, DIdzRELIEZE - FFEsnfRFEEnfEH 2 - mEbEEBSSDE
M o A0 o 2 AT - AT

B=[ T o T | (11)
FEFEHA LUK B3 Bl Ryl Ba Ll febiZ 3% AR » T a &M < BUE 2 N e IS R
FTEES (Niell, 1996) ©

N (9) ZARHMBETHI AR SR RAAGET o 1SR 53 B ks LU 58 BT R
H84y 0 BRI T LIZEdStrang and Borre (1997) - HEAGESFIE T — (@54
Beit DL R HLHEARRR =2k R R AN 2 B2 BhRETT By - FEARWIETh » HEMERUE 3 T
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random walkGEEE + HLIRS AR 2 By — BLAAEIE + 36 ELAE(haRos IS I R SR
SI4b + HEfERAE R NI TR AR T -

*1 T 2R IEZ HAER Z AR

KA e b

FEZ 00 (m) HjREfE

fIEZH +0 (m) R RE A

R +0 (m) Ry i 8

FRAS B A = HE S
e L 0.03

BSSDERMLER Vsec (m) ( Yang et al., 2000 )
%3 E

7TD 0.0003 s (m) e

( Teunissen and Montenbruck, 2017 )

(=) ICBSSD ##

BB SSDIE AR Z BRAER » IC BSSDREAUEES ML 2 BR AR g & 5t EE
e g BRI (it 2 B B E ) 7N ABSSDREAY » H HAYTER IR
/VPPPEN SR o KUBMEAFRIZRAT

E(AL) =B - b, DAL)=Qlpq, cvvvoooeevrneeeeseeisneesesseessessesssesessese s ssssssnes (12)
HsEALEE T GIMEEBSSDAC B G L E R - KRalF
L o O (13)

FFBRQ ar, R SR R B AL B & T A2 HERE - AR —{E B S S D5l vl it Jod 42 3
EZ*HJ@ LR FHE > FORATE >

QU §2 X 1y oo (14)
Horh0, Ry BSSDL B e Jg A B B 2 AL - e Ry B AP

AR D

GIMAE R & RS A BAEIE] o 3&plons B o ey P s Bh T O - ARFiE ot
EHIRHIGS GIMEUKNCKU GIMAE G E B RERE(EO,, » #7522 BR7EH
HEAEMEREGPS PPPUERIRFFEIRYEERK » 53 I EEBRIGS GIMEENCKU GIMZ BERE
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B o Ry TRROHER A 2 AR SRR IR - AR TR ER FHIGSHE itz
FERWIE ~ RS R DCBE R, - [FIRERHE AR AR e Ry 15 LUBE s Ky
Z PRI - ARWTSRER A T ARE R B 17585 2 GNS SR N E S IES PPPIE AL
AR+ AT DL $E il BSSDLURIC BSSDEEAPPPE L -

(=) ARXAH
AT R T 5 18 bt e S B g R I R 2 GPSEE SR - &M =2k H R
KRR e M ER Y B EORVE B R RIS - 2B e fE (ZEND) ~ BIbiid
(BANC) ~ HIFHNEREEL (LANY) - =ARHIGE R 2 ISP A e 51
S U J] R (k88 ANEE3 R - BRSNS R 17D+ R By 2 E20194F9 H 25828
HEAE4 K » JIEIR B @A — 5 rh BB B g 2 B KA SR - = (ERHIsGRY AL 255
{2k H Canadian Spatial Reference System PPP ( CSRS-PPP) HAEAEVY K H EFREMAE
R ZSEEME 5 BEAL » BV R SRR AT 4 EATHE S RommSE A - BEVRHICSRS-
PPPIYFR R R — 2L -

3 REREE A
BRI+ PR ER R B R B R

(=) RREHWEW BSSD A5 T#BHA

HHIGS GIMAYZRR FyCenter of Orbit Determination in Europe (CODE) - i
1ELER i FIIGS GIMAYRR SR E:E0 5 CODE » [iEHE FINCKU GIMARE SR 30 By

78



A B o FER NI ERRERER H M GPS I BLRLE 7 & IR T

NCKU 132k - CODER S B ATRS EERT By 2~4 TECU (IR -
2013 ; Xue et al., 2013) » HEEFSEEBAN (1) HABRSEHBGEHETSTEC
T PTREREME o HFRES RRBUAKIN TR 1 2.2 [ » [KIELS TEC R HE M i ] K & /2 2~8
TECU » $ F2k » RIRf T BSSDEAT » MRS (0 B s (R T oA 2

28%11.3 TECU + HSTABEMEARIA0S m (=403 x
H2 2P0 2 o AT L B R Bk F?TE (0,=05,1, 15,

fE]
2,3 m) - WEE—WEA AR R nof R S it o =S E 22 A0 b - AR
BRI R AR 5% » HIGSEBUENCKU GIMAKEE —BHEHHIE]
HIfT EIPPE ARYE A AHABRIVTECHEAE Y « HIR — M SERAHATV TE CHEAS B A 22 22
T K KIBLLERE ST o R B GEZENDYE Ry HERE R o B — KRR E24EF R
T R B A 2 5 5 6040-88 - FIJFHIC BSSDREAY 3 HIEHEH STR S ESHE FEAU3D
Eﬁab”e#)ﬂz% o [&4 LR 553 B Bt & CODELU R NCK U Z 3D E N R AR o Fff"
EHIEO, = 2 miiF - M ECODEENCK UMSESf/ N 3DEN IR » SEHIATELL
B4 (On,=2m) - IC BSSDIERYA] DI B 1Y E 15K HE

) 2 m (=403 x

rror (m) 68%
o o

Der
o

3DEALIRE KRR o BAE ABRIEE S A £0,=05,1,15,2,3m

3D error (m) 68%
o o o

BS5 F68%15wRET » & HNCKURYIC BSSDHEA P fF 2
3Dlr€’fi§5‘%f;.ﬁ&4% ° %%{i}% 7’%‘%’%7}%‘}? 5}}”%010: 05,1,15,2,3m °
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(=) #FRABAELRR

AET P = MR R R R AR - T2 FIBSSDREIAIAYRLIR - k2 a1l
FHGIMIIE R » 3ERC BsNone ; 25 ff B & CODERIIC BSSDEERIEY R » F1ad By
CODE ; % =3k ANCKUMIC BSSDRERIFEER » 330 BNCKU s34 AMER
Fi TZEND ~ BANCEAUKLANY =UEHYER} » 4R PRy — R E24EIRF R B
BRIE60578E » WA HIFHEAES ~ 10 ~ 20 ~ 30 ~ 40 ~ 50 ~ 60578 N2 EMFRAZRMS
B - EAERZRMSHEHETE 0T

2
RMS, =, / ZF;HOH ............................................................................................... (15)
n

HAError [ARAEMREL T 2 ERERFE » FF9ftn FyError B H ZHERT » 25 5 R Bu5RY
&M n=96 (ie., Ix4x24) » #3305 = 288 (ie., 3x4x24) o

6~ T HIBEEZENDAEE ~ N ~ U={lJ5MIfYE R #RZRMSH - [E 1 #7~CODE
LURNCKUTER2043$#8HYE 7 MIRMS{EIAEE/ MANone » (HEFEN ~ UJj[ » CODE -
NCKULL K None =& Z IR H 7252 o W7D ER /7 IR RHIEEBANCLUR LANY
HENRRZRMSIH - EfTLELE6XEL » B8 RCODELLMNCKU G LERT205$E1IE /5
MIRMS{EHASE/ N None » {HAEN ~ USRI A 2L o Bl BRBERAS 5 GIMAYEFRE
R RS TG RHE R E T RIS RURE R - SEAN ~ USRI A By -

02
£
woq
0 |
5 10 20 30 40 50 60
min
015 - - -
— 0.1
£
Z 005
ol L N T r
5 10 20 30 40 50 60
min
T T T T
04
B
Soz2
o I . n
5 10 20 30 40 50 60
min

B6 Bs5ZENDE 153% £ RMS= jc 44 841 -
(E)EFx#A; (P)NF&; (F)Uré -
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B7 BsEBANCE L3Rk ZRMSZ 6484k ¢
(E)E#A®; (P)NHx&; (F)Usd e

L
5 10 20 20 40 50 60
in

T T
5 10 20 30 40 50 60
in

1 1 1 |
5 10 20 30 40 50 60
min

B8 ASELANY 13k ZRMSZ 4L 481k -
(E)EF®; (P)NFwm; (F)UFxe e

FeffEeaE L CODELLURNCK URERL R © Ry T HIE RGN H RIS » 24
G = UERYE R ERAZRMSIE » A9 e 3R2FR © EOHHEEFE HINCK UBHCODEEAFRE
FREIERRERAEIY - RBRIEAEE ~ N ~ U= AR R s -2 R0 -
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