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ABSTRACT

This paper proposes a recursive batch positioning algorithm to provide efficient integer ambiguity resolution and precise
positioning for real-time Precise Point Positioning-Real Time Kinematic (PPP-RTK) receivers. The performance of the
algorithm is validated using real measurement data. Because PPP-RTK measurements generally contain larger unmodeled
errors than RTK measurements, an epoch-by-epoch approach often yields degraded integer ambiguity resolution
performance. To address this issue, a batch method improves integer ambiguity resolution by using all measurements
accumulated up to the current epoch. For real-time receiver implementation, the batch method is reformulated within a
recursive framework. Experimental results using dual-frequency Global Positioning System (GPS) and Galileo measurements
under a Single-Difference (SD) model show that ambiguities were resolved from the first epoch. Even with single-frequency
data, ambiguities were successfully resolved within two minutes.
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1. INTRODUCTION (o] A4 7}5)7} RTKS] W2 421/ 3714 5} (ambiguity fixing)
S4S AP WA, SSR BFA Ak g Aul2e]
2] Global Navigation Satellite System (GNSS) 7|4t 29] Al 7142 223k Qlth(Wabbena et al. 2005, Teunissen &
= 2z)/&2% 2He HEXH 229 Hol 218538, UAM/EE, Montenbruck 2017, Lim et al. 2018, An et al. 2023).
Y &7 o= glEH omg 1D Y 7€ S840l A7 PPP-RTK A{H]AE QZSS, POINT, NGII Fofl4] SSR K
AR AL ik ol gto] g5 fls) M3/ AA 2|7t AlFE AL Ik (Park et al. 2021, Song et al. 2024). o]
I 943 A=/AA @2} 52 State Space Representation (SSR) w2} GNSS =417] Tl 4] SSR B 2|2 AAIZE A2, 3
PR AlFshaL, AFATL o] & o] 88 A YA E 4HEche €] A, n] 278 4>(ambiguity) 278 2 F 45 AFE7HA] 235k
Precise Point Positioning-Real Time Kinematic (PPP-RTK)7} T} PPP-RTK & 18]& F3lo] £Q35)t} slte] Al ex2 T3
EZQ figte 2 BAFSISIcE PPP-RTK= 7] PPPE] 4] Sl RTKIb= 2] PPP-RTKOA &= QX5 QQIHEE B7(94
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A ohE 712 ASoto] Y 2 fAlskEA
& =91t} (Hirokawa et al. 2021). PPP-RTKoJ A 1]x]%
B2 SR Aot FAE otz 4171014 A
t o] Eo] 93k W=t} (Geng et al. 2010). T3}
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sto] 914 A= - AlA|, HPOM AN, FHE A2
£ A7, QFELE 9154 (PCO/PCY), A 24 5 ¢
HAL 235} 5] LA AxE]o]ol CLASLIB B SSR20SR
g AL EQo]Q] RTKLIBE o]-gste] 13t /121474 %
< 73t} (Ong et al. 2021, Lim et al. 2022a, 2022b, Park et al.
2024, Song et al. 2024, Jeong et al. 2025, Park 2025). o215t
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T AR85h= batch Y ¢i1e]ES 5181t Batch @Y
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2. PPP-RTK MEASUREMENT MODEL

2.1 Un-Difference (UD) Model

k epochollA] A so] Ful4= jof| gt £A417] rofl A &
C, (e} vkgat 94 L (k) S X]+= Egs. (1, 2)2}F At} o]7]4 ¢
€5 A I, w0 S Uehdich Umz) 9ake] F5et
SSR KA %] 2 A}25}1= PPP-RTKo||A] @] Ul & Table 13} 2k,
C; (k) = p (k) + T (k) + c[B.(k) — b5 (k)] + p; 15 (k)

— AbE (k) + AAS (k) + Ads 1)
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Ly j(k) = pi(k) + T, (k) + c[By (k) — bS (k)] — ui IS (k)
= Abi (k) + 847500 + Af[az; + apr ()]
+ Ad; + sm-(k) @)
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o174 &)} ef (R 7H7F TEo} kg 2
Bato] 0, FHAke] ¢/}l WA 7121 ﬁ%(AWGN)QE 7H
st} 1S-QZSS-L6-0070] whe} SSR B 2]o]] Z3ke quality
indicator2 5} signal in space iono, tropo FEAY 07 0o
T 2F AHEAL 4171 9) 4L 0, & Eq. (o]l thedsle] 3784
FEAMS IL51c) (Cabinet Offlce 2025). 47| A f, Ex= Skt

o}7}(elevation angle)S LFePHATE

403 x 1016 :
0; = \/(Ui,user)z + (Ui,sis/w)2 + (f_zai,iono X 100) + ((Ui,trap/lo)/sm Ei)2 (3)

Standard point positioning 5 © 2 L5} tfj2F& o1
] r=[x,(k) y,(k) z,(k)]"& o] &5}o] o} whgut 94 %xé A=
Eqs. (4, 5)} o] A1@ake 4 9k,

yii (k) = giy () du(k) + Aj,afy + i1 (k) ~N(0,0,) (4)

ye1(k) = g&, (k) Su(k) + e, (k) ~ N(0, a2,) (5)

AZVA y()=Ly, ()~ ls=rll, yq(k)=L;o(k)- ls—rll= S 2] £}, 9
s=lc’(k) y'(k) 22 ()]} AFEAF ALo] &) At Azl lis—rll €]
2ol [duk)=[ox(k) cB(k)1= AR 22} dx(k)2} A A 24} cB(k)
£ Ik AREAF X} HIE], g1 (k=g (R =[h(k) D]= $1/3 32 AF
|2} Alo] 9] line of sight hi(k)Q} 12 A 24 i olch
m7|e] 9 S5 B5F Hol FelshH Eq. (6)¢] JH=
verd 4= Qltk o 71A YA G= GPSE, ot At L, Cle
77} 11 9ksuke} Ol =S vebdTh yf(k)=0y (k) - yhk)l,
GLk)=lgh(k) - gh(R)]', Afi(k)=diag(h,)o1m Q,q(k)=diag(}),
Qg (k)=diag(at) F24t FHolet. o714 dlag~ ool gt

718 7o o)t
A [ )t 0 [ngl(k) 0 D
Lm(k) [ “ e ™ o ge0]) ©

Géy (k)
gk 7l o] f14dell tHet S Eq. (6)& Egs. (7, 8)¢] Multi-
Constellations/Multi-Frequencies (MCMF)Z &Fslch o 7] 4]
Vi B=ly6®)" ¥y )" yE k)T R FH 3% Fupp2 23 4~
9137, ThAl Shadatel chsted SastH Eq. ()7} 22 MCMF el
=2 oS 4 ik of7A] YA} EQF C= 7212} Galileo2} BeiDou
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Su(k)
J’(125)(k 6(125) (k) A(125) 0 0 [a(clzs 5(61,2,5)(}‘)
Y(1zs)(k = 6(125) Mgy 0 a(51’2‘5 +|efias)®] (7)
125 125 0 A%1,2,5) ol - 5(61.2,5)(]‘)

N(0, diag ( Q(1zs)(k) Qyz5®), Q(1zs)(}<’)])

GPS Galileo Time OffsetS ephemerisof|A] | &sh= ZFo. 2 AF
L3514 Su(k)=[6x(k) cB(k)]", GE(k)=[H (k) 1], 1=[1 - 1]"0] x| qk,
o] =T e} ZHo] ephemerisE AFE5l] &3 WEO
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Table 1. Description of symbols.
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Symbol Error

Correction

p;(k)  Geometric range between satellite and receiver SSR ephemeris (30 s period)

T.(k)  Tropospheric delay
B(k)  Receiver clock error
b'(k)  Satellite clock error

@I (k)  Tonospheric delay (at frequency )

Ab; (k) Satellite code H/W bias

Ab; (k) Satellite phase H/W bias

AA; (k) Antenna PCO/PCV correction
Ap,(k) Phase wind-up

Ad’(k) Earth tidal

SSR troposphere (30 s period)

UD: estimate, SD: canceled by differencing
SSR SV clock (5 s period)

SSRionosphere (30 s period)

SSR code bias (30 s period)

SSR phase bias (30 s period)

Antex file

Antex file

ERP, OTL files

parameter & T3 L5l= 7 Eq. (8)3} ZHo] Higi =},

[‘Z‘G(’;N GSU)=[H (k) 1 0 0]
MwJ;%yﬂW—Ww()lm ®)

>
=)
=

%E%%M-ﬂ AR ET} Fahso] ol wep Gt
o £ $I5te] Eq. (9)9} 2 7HRE 2838 A

y(k) = G(k)Su(k) + Aa + e(k)~N(0, G (k)) 9)

2.2 Single-Difference (SD) Model

A1%8kd UD modele] Eq. (10)9] 2p2 14H2HS 5 SD
modelg d-& 4 Utk SD A4S HohH A& 94dS pivote

2 53 ymr] $4ge] SHxet AHEE SHAE g 9l
™, 225 7] 3 UD S X0l Hlste] b7+l ol €t
-1 10 0
sp=|~1 0 1 8 € Rm-Dxm (10)
-1 00 1
SD model®] 7]& 914 AFolle Y7+ B C/NOE 12jshe
Sh= Aol Felsiet. T2 £ 1ol M= PRNS S50 R
Agsta 7P WA vehhs 918E 71E e s AAske 1

ek g o] 8ajeict
MCMF &% x]of tg} SD modele] LHFA Q1 &elj= Eq. (1)}
2} o714 $417] 74 BE 0AQ) £417] Al 2

o] S Alof| UebtA] oh=tt.
SD - y(k) = SD - G(k)du(k) + Aagp + £5p (k)~N(0, Qsp (k)) (11)

3. EPOCH-BY—-EPOCH POSITIONING

3.1 Kinematic Positioning

Kinematic positioning 7]¥1-& 1] epoch 23 X Z
Aok HH o &, Eq. (8)9] 433k MCMF &2 x]e] tf
Weighted Least Squares (WLS)E #8514 Egs. (12, 13)x}+ Z+

=
o]
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£=3f(float solution) Su(k)e} ZEAF cov(du(k))S

sa(k) = (GU)TQU)6(K) GUTQU) (k)  (12)

3 4 et

cov(82(k)) = (GU)TQU) 6 (k)) " (13)

olo] WAL EF| Axke vrgulo] ALa|of LEALS Least

AMBiguity Data Adjustment (LAMBDA) HFHof 25} uff

epochulet X Y48 ST T A4 B W kS &

A& o]gslo] Eq. (14)e} o] 2= & 43](fixed solution)Z
‘6‘1- 2 Oh;]—

y(k) — Az* = G(k)Su(k) + e(k) (14)

2wy o s SD ZHAE Egs. (15, 16)7 2+ A%afoh

wihe 931 Eq. (N3 22 2 F FasiE 45 4 Ak

8ik) = ((sn 6(8)) Qsp(k)(8D - G(k)))- (SD+6(0)) Qsp(®)5D - y(k) (15)
-1
cov(62()) = (5D 6K)) Qsp (D 6 (R)))  (16)

SD - y(k) — Azgp, = SD - G(k)du(k) + esp (k) (17)

3.2 Experimental Results

o] HollA&= Y E Shintotsukawao] ¢ x5+ STK200JPN
= A 0] b ol QZSS SSR HA 2| & o] &5} kinematic
positioningg 4345+ A3}= A AT} 2025-05-20 09:00:00
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L2, GAL El/E5a 232 o] g5l slig W&o SINEX
9} DCB 7] 7185} o] 5 = galoir,

A3 of| A}23F 1,000 epoch E0F THEE 9)41 o] 420} PDOPI}
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91 4o] W gl ke AAsidch
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o A& £ OXH2 dRMS)E UEFHTE Fig. 204 H242 4
252 Lahie J2ase Uehdch Aldals SD (0.33613 m)
9} UD (0.33634 m)2 2 2}o]7} 91 x]9F A 23l SD (019396 m),
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Fig. 1. (a) Number of satellites and (b) skyplot, during the experimental period.
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Fig. 2. Epoch-by-epoch WLS-based navigation results (dual-frequencies) (a) UD model and (b) SD model.
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Fig. 3. Epoch-by-epoch WLS-based integer ambiguity resolution (dual-frequencies) (a) GPS PRN 05, (b) Galileo PRN 07, (c) GPS SD (13,05), (d) Galileo SD (08,07).
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Fig. 3of B]x]A4=(float ambiguity)2} LAMBDAZ 5} u] %]

g 4=(integer ambiguity)S LERH I Fig. 304 elevation=
okzhe LeER A1, locktimeS A1 57} A|ZHRE] Q& 02 4]

= A+E ‘%EHHU% As7t glow 002 27]|shEr) Fig. 3

oA Bz uhe} o] njx% 4= 27 of Aol whet $12)7} v
. UD modeloflAl= 275 v <7} GPS PRN 05+ 118~122
AFo], Galileo PRN 07-& 149~150 Alo]€] Z+& 7}X1t}. SD model
ol 4= GPS PRN 1337} 05 Abo] &] - 1] 2)7g 4= ghe] 127~130,
Galileo:= PRN 087} 07 AFo]&] Mgl Zho] 37~40 Ato]o] Bz
£ 7k n| A4 & shuete vHE Y27} upch Fst
IS Fob7] HeliME A mA o] Ao ek
o 4= Sl

4. RECURSIVE BATCH POSITIONING

37}l A A28k epoch-by-epoch 7|HL u|z| A 47} &
epoch S|4 Ma}stA] o= edhes He 1Y o}x] oF

31 uff epoch A{2-& Fro 2 et ot 2] batch processing

2z 47t Apete BAS v R BLE epoche] SAA]
£ olgsto] g Akt mA+F ok ol Recursive
batch processing-2 batch processing recursive2 Fel| & HHE
HPAL 0 2 AAIZE Rl golshrhs o ZHHlc,

4.1 Batch Processing

k epochollx] ¥ slst whgatel =
(18)3} ZFo] ¥A3gs}e] Lrepdct,
G,(k) A & (k
PR | Rl B
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=
& 23
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E‘IEE o1& i’%ﬂ@ Al FEE T3
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a@) |~ IMyg MpalLa(1)
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2813 Eq, (23)9] BAS
SJshel Eq. (24)9} 2

(Mpp = MacMge Mgp)a(1) =

MA(;5£1(1)+MAA&(D:A€ L_Cl @ )’L(z(l)oﬂ
(A = MagMag Gie(1D)Qid (Dyic(D) (24)

Eq. QHEHE n|2H 5 7 4 QLA o] & Eq. (23)o] Y
shH AbAL 03} WE S 73 4 ek o]F Eq (25)9F 2L 7
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Eq. (26)2] YFEf £ LERHATE.

Su(1:k
7l = Goctik) Ag(asR0] [P

Eq. (26)ol| thall g+ W AlS 5k
o2 sl Eq. (27)3 2t

XY Qi yic, cov(a(D)) = XY QRAYTX T (25)

=2str] $15k Eq. (1905

~N(0,Q,c(1:k)) (26)
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NS (L k)Q (LG (k) AG(L:k)Q (L k)M (L:k)

_ [Mge(1:k) MGA(lzk) 8a(1: k)] [GLC(l:k)

s0(1:k)
ack) ]

=Myt MAA(l:k) a(k) AT(l:k)]QL_Cl(l:k)y“(l:k) @7

o]Z o] &35lo] MR H 42 T31H Eq, <28>J+ﬂcr
(k) = (Man(1: k) = My (1: K)MzE(1: k)Mga (1:6)) ™ (G (1:K)
= Mg (L )MGA (1 k)G (1:K)) Qi (L k)yye(1:k) (28)
Eq. (28)& 7tekat ale 2 LhehiH Eq. (29)9} e

alk) =X Y (1 k)Q¢ (1 k)yyc(1: k)
cov(@(k)) = X (A k)Y (1: k) QA (1: )Y T (1: k)X T(1: k) (29)

Eq. 29)2 Edf 33t A A SE o]-&shH Eq. (30)7} o] 1
HE] k epoch7}A| o] BE A&7} @2} WE| S 78 4 gtk

8i(1:k) = Mgg (1 k){GLc(l k)QL (L:k)yyc(1: k) = Mea(1: k)a(k)} (30)
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éxl7}‘ 0]’5 6(‘)]—]:}]:-1101]*—1% k‘ﬁ‘jW\H epOCho‘“/\‘]Q,] 6H7]' %43—8].1:{
Eq. (33} 7o) &k 2= ik,

8 (k) = Mag (){Gic (k) Qi (k)yic (k) = Mea(k)a(k)}
= [6c(0)Qi¢ ()G (D] GLe () Qi ()i (k) = Aod(R)} (31)
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4.3 Experimental Results
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4.3.3 Comparison with CLASLIB
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5. CONCLUSION
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