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ABSTRACT

Satellite and receiver Inter-Frequency Biases (IFBs) should be estimated or calibrated by pre-defined values for generating
precise navigation messages and augmentation data in satellite navigation systems or the augmentation system. In this
paper, a Kalman filter is designed and implemented to estimate the ionospheric delay and satellite/receiver IFBs using a
regional receiver network. First, an ionospheric model and its filter parameter is defined based on previous studies. Second, a
measurement model for estimating the relative satellite/receiver IFBs without any constraints is proposed. Third, a procedure
for ensuring the continuity of estimation is proposed in this paper. To verify the performance of the designed filter, six
Continuously Operating Reference Stations (CORSs) are selected. Finally, the stability and accuracy of satellite/receiver IFB
estimation are analyzed.
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1. M2 ool ARle] wslAY FAslobl sk B a4} ek

TIZF ALSAL0] GNSS THEFals B4 915 B2 GNSS A
HA A2 HEHIAAE 53l $14 IFBE AFEtoll Al AlF
it} (Wang et al. 2019a). GPS2] 74-¢ L1 P(Y)e+ L2 P(Y) T &
(Inter-Frequency Bias; IFB)2] ¢J8FS- HH=r} (Montenbruck et of 5t IFBE TGDEH= H4-E Ea) A5t L1 P(Y)e}F L2C,
al. 2014). IFBE= £ 3} £417]9] slego] Ao sl Ful4 L5I5, L5Q5 Z.E A}o]Q] IFBE: Inter-Satellite Correctiono|2}=
U FE H A5 x]eo] th2 A HAYShof whe} WAy sicl GPS2] HLE E5) A Zsic) Galileo?] 7-%oll+= El1-E5a2} EI-E5b 3
790 L1 P(Y)&} L2 P(Y) FEA}oof| ©F 8.3 ns (2.5 m) L1 C/A T }o]¢] IFBZ BGDa}= 42 Ea)] vb45}3 ¢lon, BeiDou

t}= Ful4E AFR5H= Global Navigation Satellite System
(GNSS) 4:417]9] ZAElolej ST} 4:417] Fupszt Ho

FE9} L2 P(Y) ZEAo]o]| ¢k 10 ns (3.0 m)9] ¢4 IFB7} &)
St} (Montenbruck et al. 2014). $=417] IFB& 42417] AZ2A}|
whet A& T ZHS 7EA] | L1 C/A ZE9} L2 P(Y) FE Ato]o]
20~40 ns (6~12 m) J=2] ZH& 717Ict (Han 2018). whekad, 914
I 417] IFBE o|EFuta 23 S UolE & AMSSte 3§
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L BI-B3¢} B2-B3 F.E A}o|o] [FBZ TGDIi} TGD2E E5f 1t
235k @tk 0|9} §HA|, International GNSS Service (IGS) 2!
Multi-GNSS Experiment (MGEX)of| 4]+ Tt} GNSS/F1h4=0]|
ek A9 IFB gk Al8-5kaL )lek (IGS 2024).
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Civil Navigation (CNAV) WA X & A2} Qlth CNAVE &
3l W&l ¥4 IFB& o]X Lagacy Navigationof| 4] A58}
+ 9143 TFBof| vls Feter} Hat 4= glon], MGEXe|
A Al 9173 IFBofl s 4= ns oJlle] AHEE 712 §L
t} (Tetewsky et al. 2009, Steigenberger et al. 2015, Wang et al.
2019a, 2019b). W2EA], GNSS AFEA= MGEX = 6W*Uﬂ/k] A
2 Ea) 2Tk 94 IFBE A1gstol, s 3o 3k 95}
Sh= Zlo] 7}t

Y, GNSS A{H|A A FA} T GNSS HZFAH|A Al g2t
PR ] Aot BgElolele] A4S STl Sh B 4l
7] IFBE AAH o & 24 I TFA|stofof Gt} GNSS
D QAR 9 A whet ghH AR o] ZRE AL

| P& 259 93 IFBE AMgshe Zo] 7FestH, ¢
GNSS BZFA|ARIS] 7 9ol = g HA| x| o]l 223 9143 IFB
FE 94 IFBE AH&slo] A olEl &
Walter et al. 2012, Sunehra 2016, Authié

ERAZNEN

T -{Nf

AR 0 7 Q) p417] IFBE £43517] $18ll GNSS o5
F149] Geometry-Free (GF) Z% E4H ol & Ao,

g5 Ad 4 %’4*3/4*17] IFBE EAlof| 2&5}c}h GF 23 %3
dlo|gloA] AT} 4:417] IFB= A—]%oi z3to @ mulggy] o
ol $14dat +417] IFBE £ F745h= 7o oIyt (Schaer

1999). Ma & Maruyama (2003)= ¢J413} 4~417] IFBS] B &
5} $417] IFB & shHE 002 A3 5 A7 Ho]E &
Z5}o] Smgular Value Decomposition HA1 0 2 ¢JA] dl 4417
[FBZ 2435}it}. Kim et al. (2012) ¢4 7} 4417 IFB7} A3t
) Gei2 A ESE AAsle] FAZ HlolHE FAsle] 24
g 5, BE 94 IFBo] Fho] 00]2h 248 AMgalo] 2% 914
o $2A17] I[FBE 435193 th Maheshwari et al. (2019)= $=417]
FB % shubE 285 gholzt 7Hdsted Kalman FE & A A513
©m Erdogan et al. (2017)= && o]l o] 2142l X E ¢
alf 9172 IFB o] 0olah= A|9fAlet-& Z3)s}o] Kalman ZH
2 A7,

Ma & Maruyama (2003)2} Kim et al. (2012)0] #|9Fst v
AARE HOlElS 25to] Hefshs wajol7] the] +3
A} ohe Adei 9] Al o] I AthH o2 Tk A
Adlo]e]7} 2 =Tt Erdogan et al. (2017)9} Maheshwari e
(2019)0] AQFeH ¥t 2 Kalman & & ARE-SF 214 Q1 22 Ho
$o]7] wjEel] SlollA] Qg HpHel s AR 02 12 o)
S dole e} e E T 2 sk, A
Shi4417] FB 23 4 QIrhs 27 S 7M.

SV/4A17] IFB 2] 343} 2
IFBE ¢Jolo] Zro g2 A5
IFBE 351 W13t 342 44 1
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2T A= 2o FHA]AEIQ Korean Positioning
System (KPS)9] 7ol Z13Y Fofl glov], KPSe} o5 GNSS
£ B75H7] $1SH XFAIth Korea Augmentation Satellite System
(KASS)o] Tgh A7k @73 Sick KPS| H ol A9H
o2 318 wolelg AHgslol 2HE 914 IFBE AMgAlel|
A F5totof sud, At KASSS] 7ol GPS & ofje} o5
GNSSef| thet e=417] 8l 914 IFB £4& 7o 2 sfof HAtd|
o1& A H 7&*1%}0101: St

71E A= A 417 IFBS] Aoige #7gskA] oL
719§ T Al IFBOﬂ sl AdiHQl IFBS 7
+EHE 7RI ofell 2 17elME 71l H S
stol AJHiAQl «1d/a4171 IFBE 45171 913k Kalman 2
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HAAE B B A O] A 7
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2. GPS/GALILEO O|SFu}ls ZFHOI0lE mHa

GPS/Galileo Z& &7
aict.

~J — J J J J J
pr,.r,na,k_prk+0/rl<+BrxA bsA+T +a, 13,

tlofEl= Eq. O3t o] B o] 7hs

J
+ BHB,I‘,SJIG + BPCO,/‘,s,n + bHB.:,na +bPCO.s.n + Vr,:,na,k (1)

Aelole, pie 1T} $417] Akele] Az, 0
o oJ5k A @A, B 4417 A2, b= )
3 NALR, T S A, I A Al A, Byt 441
7] SHESlo] Hholol A, Byt 2417] QHelLE 14 Z4] Holo]
ol AT 0, by 14 SFESO] HololA, b 914 Sl
143 24 Hopd SIE Aol o), 2007 o2 SY2Rg
siek A2 914 WS, re 4171 1S, sk S ne St
Tl a3 95 Sk A, 202 ke 38 NS o
3 s9] Ln Fapso] oiigk GPS LI 53}
Grolnd Eq. ()9} 2k,

= fo) (i) @)

71, fie VT 50) nA) Fai4 hedolafe] Fmiseo] s
5, Gi= GPS A 4|22 ] ul3ict.

Eq. (Dol $4171/914 QHeLt 94 541 Hol
E9jlof HlolojAo] L], GPS¢} Galileo = %Zér:ﬂomq
Geometry-Free (GF) A3 X3Fe Egs. (3, 4)¢} 7o
otk

Al ol ztzte] &

ru%
o,
o
N
N

~J — 5 _ 5
Pricawk = Praick — Prcawk

— J
=g 1c =A% ow )5, 4+ Bug 610 = Bus.rg.ow)
J N J )
+Oigac —bimaaw) T Vigich —Vieaws)
J
=0Qg, lCZWIS ok T Bgicow bG,lCZW + Vr GIC2W & (3)



— _ A
= Preixk ~ PrEsxk

= (aE,lX -

Dl ixsxi
e ok T Bug, p1x =B psx)
+Opray s esx) TV pixi = Viesxi)

J J
=0, 1x5x15 .k + Br LEXS5X +bE,1X5X + Vi E1X5X k (4)

o171, G} E= 247} GPSe} Galileo 91/ wtol] thet AAIZHE &
H|gi}, 1IC2WAX/SXE & AolA AMEShe SAd|olE o 5
o} o] 2 2H LS E olnlshn RINEX Version 3.04¢] A|A]
H 2719E mET (IGS 2018). Eq. (3) j-517 GPS f1/de]
gk CICe} C2W FE S48 9] GF AP XY Aol o]
o, Eq. ()& j-#A)] Galileo 9JA4Jo] tht CIXe}F C5X A& &4
dlojele] GF A2 S dlolelE 2u|ditt. Egs. (3, 4)ollA]

rGlCZW‘L]- Brmxax"\f‘ Z¥z} -4 $241710f 4] GPS2} Galileo &7
dlolefo]l tigh 44171 IFBE QJul5hH, b0t b= j-HA
GPse} Galileo Z7gdl|o|E]of] 3t 914 IFBE o]ulghct. Egs. (3,
4)of| 4] A )& 291 Tonospheric Pierce Point (IPP)of| 4] 2] AT
ko]l 5] Eq. (5)2F o] RS} (Schaer 1999).

5/‘.,)',1\' = F‘V{kllj,r,k (5)

7M1= 47 AelE AL olulate, Fe 4417 oA 9]
4] 71 2] Ad7Y HlE o} Hel % B (single layer) Atole] i}
Aol 47 A2l 2 11e 74 A2l S M9low Wslsh] 9

3. KALMAN EE A

Eas. G, Aol 43 23 A, 914 2 417] FBL 41
ZGroR A7) uiel Z- 9144417 el sl B e
TS AL 310} eSS F4517] olgch meby £ Q1]
L Oo] 1EF $471 20 218 S0l ALt
Helz A3k 94/4417] FBE 4517] 13 el S 44

f5s

o

3.1 9215 Xt By

AeS Ade BELs7] Hal x5t (Spherical
Harmonics Expansion; SHE) 7]¥-& $& A}-5}a1 9Jc} (Schaer
1999, Choi et al. 2010, Yun et al. 2013). Maheshwari et al. (2019)
= ARz YAK(triangular interpolation) Al o 2 A& 14l
513321, Erdogan et al. (2017)+= B-spline #}41 o2 A&

RESIGIT) o] % SHE HpALE 2ol wat 27, of

L 18] 2] Fol mdlg o] 7551 (Wang et al. 2021), IGS
Global Ionospheric Map2] A& ¢35t Ma]= Rl 2 ALg& 11
Ut} (Zhang & Zhao 2019). o]of|, o] =iZoll A= SHE ¥A1-& A}
g3l AE]5E Eq. (6)2 Zro] R TIc}

ol r

Hu o

Vrk—ZZ[C cos(m W,k)+S sin(mA, pp,k)}l’nm(sm lpp,k) (6)

n=0m=0

37| A, Ay, IPPO] EfQF 317 (sun—fixed) 7 I, IPP 2|2}

ipp 1_
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7)(geomagnetic) $|EZ <n|sic}. Cc¢} s$&= SHE Bdl njj7iui4>
£ ou|sly, pE= AH3E EFE=2 AW T (normalized
associated Legendre function)E <]u|sic},

914 % 2417] IFB B9

Eqs. (3, 40114 A2 53 914/4417] [FB7} 238 B2 Eas.
(5, 60l 23] Hel7k 7Hs A, $1TH 417] FBE
Prgoz TAHY) HEel sl Belsid 24T 4 o
B ATNAE /4417 FB7} 71F 9] IFBo o8] 2
w0} glcka g oJsted, olof whe} Egs. (3, 4 Egs. (7, 8)7} ]
meo] st

5/ — oy X
PrGicowik = a(;,lc'sznkIV,r,k + (Br,GJCZW bGJCZW)

+ (Ol scow =B rcow )tV acawa (7

P eaxsya = Opixsx Ly W, ok T B pixsx —biixsy)

+ (bE,lXSX —biixsx)+ Vr/,E,IXSX.k (8)
o714, 0%} q= 27 GPSe} Galileo?] 7]& $1/d& ou]gict.
Es. (7, 8)3} 20| $V14417] IFBS 29 a7, Bele] A%
B2 (rank deficient) 4|7} WA 51| ko, AAhAQl 9143k
417 IFBE 2j5te 0] Pssick

3.3 KALMAN EE 44

Egs. (6-8)2 X €] Kalman ZE|Q] Alej¥igE= Eq. (9)&} Zo]
A ojg 4 glek

X':[XSHEk XR[FBk XSIFBk]T

SHFk [COOk ClOk C Sn & CZO,k Cz],k Szl,k sz,k Szz,k]
XRIFB k [Blﬁu wcoawk Bt{ G.IC2W k qu.E,]XSX,k B;i/[,E,]XSX,k]
stm [bc];owzw k : bcv.ulczw.k bll:‘.IXSX.I( blf,]])(s)(,k] (9)

7, Xyl SHE W) w714 M), X, s 4417] IFB ¥
B, 223 Xy 914 IFB 9612 ofujgit, M& 7o) )
2 N& GPS 9149] 7i4, I Galileo $149) |42 olnjatn,
712 914 IFBo| ola) A2 9143/4:417] IFBL: Eq. (10)20] 4

elgit,
B:‘)G 1c2w = Br.G,lCZW _bgv'.lCZW
B:]E 1X5X = Br EJ1X5X _bg,lXSX
bGﬂlCZW b(ll(/ZW bZ]LZW
bE,lXSX = bE,lXSX _bE,lXSX (10
Kalman &= 34 A] ZE(time propagation) HE-E3} =

A 7y L(measurement update) F-E o 2 UHh o]F A]1H <]
5 517] 9ol AEl Mol 31" W Z2AA ZS
TEAYE S 4_40}0:101: Shct. & ItollA] SHE w74
Random Walke 2 mdllg)sin] 33 Fhe-9f Eﬂ-% Chen et al.
(2023)f] AAIE B & AHgste] AT 9143 9 $417] IFB
= A7 P8-S Itk 7Hshe, B ?i?oﬂ/ﬂ% SR

http://www.ipnt.or.kr
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Bely gioh e ol PP} 34 o] T84 FH-L Egs
(11, 12)e} Zro] 7g ©fgiet.
I, O 0
®=l0 I, O (11)
o o ](N+J—2)

QSHE,k o o
O = o Orirs o (12)

o o QSIF B

O

1714, 1, nxn ©9] L OB, Qi Qu 1T & 2
7} SHE o 44, 417] IFB, 2] 914 IFBol that 24 &
FEAFAES ofnjgic,

Kalman He|e] &7 7¥Alof| AL8-5h= 35 3 (observation
matrix) 2 22 W E{(measurement vector)+ Egs. (13, 14)e} 74},

~ No

NGk [ﬁllﬂGl(“ZWk P, G1C2Wk]
NEk [ﬁllquXSXk ﬁl‘ﬁ]]:"lXSXk]T
Y=l &= 5 (13)
Yy G [/3;; Glcawk 7 [711];00 1C2W k ]T
Y Bk [pM,E,lXSX,/; ﬁgb 1X5X, k]T
hSHE,l,G,k hRIFB,l O hS[FB,G O
hSHE,l,E,k o hRIFB,I o hS/FB,E
o=l : : : s (14)
hsyg mGr Prirpv o hsrp 6 o
_hSHE,M,E,k o hR[FB,M o hSIFB,E ]

o174, G} E= GPS$} Galileo 2430l that AAIZHE oJns}
o], M& 41719 74>, 18] 11 NI} Ji&= 242 GPSe} Galileo 4]
o] H4E ou]sit} 09} q= 7z GPS$} Galileo] 71& 9144 &
OJEIR}. iy T-HA] GHE7E B 191 MM 3 E-& o]u|s}
™, gt homps ZH2F NxN S d o} <7 9] & o]
Shct
HIFHA AR e BAFHAAR o] ZRA]=olu 7]
& ZH| (ground segment)2]
azfoluh fA Bpof o) TRA=/7]E <] ST (outage)o] L
A 5 ok ERE QA B2 F A= FAl=olY 718
& FEohes AlARE 7HAQ1E 9o WislkE a1a{ste] HbH o]
& AY/dsteiof gt B A4 AYAQL 7E= UEH A}
Kalman FE}E AMESlo] abd 0 2 |5 2|43t 7| & [FBe|
thal AJthA Rl «13/417] IFBE 245, 7|&
HE 7)o 718 B Yol dis) A o] 7Hest
T} 2217152 SA17]9] ZEHoutage) T 914 9] 7RAAe]
wa} 7] % IFB7 }z@% 2xujolelrt 2AskA) B A2,
Ae] 95 Be sl 1 e s, 24l
o 7|& &= & ZRE=A] of i we} 71& IFBE
w7500} gk,
B AT 7% FBE 7} ST

IFBE &85

1 =2 O

rlr rlo
:L
O_u i
2

H

ol

o

By CC ?_]-7]_,] _l_]/H SR=% 24_,]
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Fig. 1. Implantation of Kalman filter.

51, 91439] 7HAAd = ST (outage) ool wiet 71% IFBE
7Rk} 2 Aol A Folgh A= Eq. O)oF 2o, 7%
213 TFB ¥7& 915} Eq. (15)¢f 2ol & oJ3it}

Xy (0, q) = | PP, ¢ (0415 G41) (15)
17|14 X, (a,b)= a-HA] GPS YA} b-HA| Galileo 4] IFB
£ 71202 3 k1) AP Y AR SE Julgith I, 2 718
SV IFB Wizl Wk A4S WS BY e oujshe,
Eq. (16)7} Ztt.

Iy, O O o o
o1, O (@] o
Do = 0 0 Iy 0 0 (16)
0o 0 0 I 1x1(0g) o
O O O @] I,-A,,(q)
01714, [ nxn ©9] FHEZ oot A, ()& a-HA Ho]

5512 A man PP olulskck 7% 914 FB we] of
o} 93} FEA AYL Eq, (6} AHESIo] Eq, (77} Zo] W7
o] 7H53let.

P06, 91) =T i Bt (041, G l)rkk | (17)

479 Kalman %]2] H2}= Fig. 13} gt} Fig. 1014 Xa} X&
717} 7% 2474 olnlsiud, P} i 717k W/% 24 03} F
g olol

Kalman ZE]e] % 7|3} ©A|(initialization)of| A &= AP o &
o We) st 07 BEA AU E AHGee WA,
SHE ufj7js4~9] 27] e 0208 dA5FAL IONosphere Map
Exchange Hlo]e| 258 248 o8 AMgs}e] 4%o] 7}
soith A2E 94 IFBO] 2718 BF 002 A4sin], 3}
o $£417] IFBQ] % 7|Zk2 Fitted Receiver Bias 7|5 (Ma &
Maruyama 2003)S A}8-5lo] A} Kalman HE] AMefjed4
o] thsl o2} BAlol _2_7]%}:_‘0: 71 04240] e /\]-_Q_*‘].O:] Mxél%}
4 glon], B ATNME eisst Belo] o) 2ol FHs

ShE el 2 20000 m)02 218 AFEITh

OF==F 35



Fig. 2. Distribution of reference stations.

Table 1. Information of the selected reference stations.

Station name Receiver Antenna (dome)
CHJU Trimble NetR9 TRM 59800.00 (SCIS)
GASA Trimble NetR9 TRM 59800.00 (SCIS)
GYJU Trimble NetR9 TRM 59800.00 (SCIS)
KANR Trimble NetR9 TRM 59800.00 (SCIS)
SUWN Trimble NetR9 TRM 59800.00 (SCIS)
ULLE Trimble NetR9 TRM 59800.00 (SCIS)

DGR W N -

Heo] 27|st SR E olF, T Y, 4 wE U o
TEALYE, 3 e eal FEAFYE S AAISIE TS 3™
3 &4 HE & YAsHE DAllA 715 IFBL] ¥Hg) o] 5 Tt
5}al, 715 [FB7F ¥S}E| 91 & 749l o] Al el & 2433t o
2} FEAFHE S 2L 7|& [FBE HA%I) 7|& IFB Halr}
AU & 2553 o X FEA o] viFo] g5 H o]
Al gt 574 73A1S 33t

4. A3 U 2M

ol =l o=
[— B T =y |

4.1 M| HESIA M3 A HIojE] A2|
o|7|& $£A17] BE AME THE FirmwareS ARG $2417]
Atolell Z+ 94 AP GHE 4 cm  E.2] o] (bias)7} A 4
Qth= AL AT} 9l o v (Hauschild & Montenbruck 2016), ©]
£ Inter-Receiver Satellite Bias (IRSB)2} gt} IGSe] 7%, A
Aol WA BEE oheFst 41718 ZEstel Y1t 4171
IFBE =45} (Montenbruck et al. 2014), IRSB2] &jgko] £}5}
23 % 4 OPE}
I 539 YA AR ol BAFRPHA]
Jd*é 9 FA B SHAA FF £4171/48E
HLbe FAE 7E R UEASE BEoH Hul B e
olot §ALSA 55 +AI7IRHEIE Abgslel ESZE 4
slof A1 STt

*48P7l Skl i‘tﬂ *Hl 7] Til ﬂﬂoh} =& 200

AYo] A 7180 -4 Foll 1o, GNSS HolE F3t ﬂEi%
B3l 318 RINEX H|o|E] & th-& 2 =8 4= 9Jt} (GNSS Data
Center 2024). 7|&22-S AAs}17] 28] GPS L1 C/A Z.=(CIC)LH
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Fig. 3. Differential receiver IFB estimates.

L2 P(Y) ZE(C2W) 18] Galileo E1 C ZE(CIC)&} E5a I+Q
FE(C5X)7L 287168 7e=a SAIF o8 A3tk thg o
23 A RS 5 7]—7@— o] HEE gt WAl slHAl, 5
A A7)} U ES 7 = 6719 7]ehE SR oE A
Aot ATt 7)&=ke] E3 & Fig 29} o, £417]9) QHe
/5-2] 3Jefji= Table 13} 2t}

dlolg] £37|17He HeS ol SR & ool d2
AR5l 20234 7€ 102 (DOY:I9)EE] 142 (DOY:195)71] %
5%]7}-4 o8& $3g}. 3%k tlofEl & 50% THPHo R A

Fashe $149/4417] BB 24 718 A A7l o
o 2ol

22144 Bl 2] g 235l e}
S57bs e 2ATlolel} IGSO] Hlel AE 0.2 au}. it o}
Yzt £ Aol Abgsis delE mEe Sguelet £4)
Sh= Aol ARt JBst E4S 7427 whEo], Kalman DE] 9]
4 4Y DA B 3Y 48 2 F2ile Yo
2 27 Agstolor gk olef nek, £ QAeld A7 W 7

Kalman Ejo] 28] A|7ke- oA M9 7}2A]7ka} SHE DH7H

240l $ g el 292 BT, 359 3 49 0
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Fig. 4. Leveled differential receiver IFBs by ULLE receiver.

Table 2. Stability of differential receiver IFB (unit: ns).

Recet GPS Galileo
CCeVer  “Mean  SID | Mean  SID
1 CHJU-ULLE 3.84 230E-02| -120 3.00E-02
2 GASA-ULLE 084 1.92E-02| 067 2.96E-02
3  GYJU-ULLE 327 122E-02| 181  1.99E-02
4 KANR-ULLE 3.60 2.64E-02 | 019 1.03E-02
5 SUWN-ULLE -0.88 9.00E-03 | -3.12 2.51E-02

Fig.5. Leveled differential satellite IFBs vs. IGS DCB product.

Fig. 6. Standard deviations for leveled differential satellite IFBs.
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Fig.7. Satellite IFB estimation errors.

Table 3. RMS errors w.rt. three different IGS product (unit: ns).
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