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ABSTRACT

The Centimeter Level Augmentation Service (CLAS) is the Precise Point Positioning (PPP) - Real Time Kinematic (RTK)
correction service utilizing the Quasi-Zenith Satellite System (QZSS) L6 (1278.65 MHz) signal to broadcast the Global
Navigation Satellite System (GNSS) error corrections. Compact State-Space Representation (CSSR) corrections for mitigating
GNSS measurement error sources such as satellite orbit, clock, code and phase biases, tropospheric error, ionospheric error

are estimated from the ground segment of QZSS CLAS using the code and carrier-phase measurements collected in the Japan’s
GNSS Earth Observation Network (GEONET). Since the CLAS service begun on November 1, 2018, users with dedicated
receivers can perform cm-level precise positioning using CSSR corrections. In this paper, CLAS-based VRS-RTK performance

evaluation was performed using Global Positioning System (GPS) observables collected from the refence station, TSK2,

located in Japan. As a result of performing GPS-only RTK positioning using the open-source software CLASLIB and RTKLIB, it

took about 15 minutes to resolve the carrier-phase ambiguities, and the RTK fix rate was only about 41%. Also, the Root Mean

Squares (RMS) values of position errors (fixed only) are about 4cm horizontally and 7 cm vertically.
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1. INTRODUCTION

Real-Time Kinematic (RTK) T+ Network RTK: tf 224 ¢]
Observation Space Representation (OSR) BFAle] didu} 17k
PO R, MR BTN 7E A AES B
3] AFR-RF A 2] L3HE Global Navigation Satellite System
(GNSS) 2212 A|AstE, Bkda) n|x] A4 ARSro 2x A
Q2] AHE ArES 4= ¢lt} (Park & Kee 2010, Park et al. 2014).
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o]8]3t RTK &4 7|HL 4 2 ool emgd Y Hx] F &
£ 25T 4 ke Aol ARk AH|A H 27} 70 km - 100
km 20 2 L AlgH o], 7t @9jQ] FA Au|AE $3]
XM= 4= wrof|A] 424] 9 bpse] bandwidth7} Z @510 &2 OSR HF
A2 S T EAAE S A A0 HFslx] ot vhd,

State Space Representation (SSR) B2 GNSS @215 £}
o] 275131, 7k 0} Aol tie BAHHE 0x} EAo] T
AAIEY T4 PgoeuF OSR UH] AltjA o 2 Z-& bandwidth
Z 24 7|4t nation-wide B AR W4 AH| AV} 7H55)c)
(Lim 2022). §A o]-8 71k SSR YA E 7|9te] g £$]
AH|AZ = Trimble RTX (Trimble 2022), u-blox PointPefect
(U-blox 2022), Galileo High Accuracy Service (HAS) (Susi et al.
2021), Quasi-Zenith Satellite System (QZSS) Centimeter Level
Augmentation System (CLAS) (Miya et al. 2015) & Multi-GNSS
Advanced Demonstration tool for Orbit and Clock Analysis
(MADOCA) (Harima et al. 2017) S-o] gJt}.

CLAS+ 42 W AT th9 GNSS Al 71&=
(Continuously Operating Reference Station; CORS)oj|A] 47 =l
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GNSS = Hlo|el & Zg-slo] GNSS & W vhdm S4%] @
2} BAFS o5 B A& By} 8 Compact SSR (CSSR) WA A]
2 xA35)3 (Hirokawa et al. 2019), 02 QZSS €4 L6 A2
£3]] 2,000 bpse] A445 2 HF43s1= nationwide Precise Point
Positioning (PPP)/PPP-RTK AJH|AZ, 20184 1€ 1Y X E F
Al o 2 AH|AE A|8Y5}9itt (Hirokawa & Hernandez 2020).
CSSRL SSR B H ol 8% Wi ¢s] e 371 =
o 2 SSR T A L& ¢l Radio Technical Commission
for Maritime Services (RTCM) SSR (RTCM 2013)z} s gto| 7}
L3lche EXS six|n, @4 QZSS CLASS} Galileo HAS7}
CSSR ZHi-& &&5lo] Y S AMH|AE Al FSHL Qi)

CLAS BB} QZSS L6 152 Ea Ax7toz dha
Hol whe} o] & o] &sto] theFsh Hofkofl H&ste] Y 59
£ $U5HL, 1 %S BB g B ddTEe] 2¥E
Atk 71& AFollA= QZSS H4d& B3l Ale=+= CLAS 9
MADOCA BAAHEE 2hast 25 FHIRIY] Y 9] AJAR
< F3sla, BA 9 54 2ol theliA] ZF BEY R AElA
ol Y 9] A5 vla £49519]31 (Udompant et al. 2021),
CLAS 7|8} PPP-RTK Z2]2 ©]a]] 24| 7]2kst GNSS 22417] 9}
u-blox ZED-FOPe} 72 A8 41718 &E4slo] 54 2 5
of|Ao] A 22] A& Hrlslich (Hirokawa et al, 2019). B
ghotuat G2 W QX th4=o] GNSS AA] TSaoflA] ZrA7E
4735 GNSS 5 tlo|el & Fgsle] AA el A9l CLAS
AuAe] 9] 55 EATORN QZSSTF AAShe FE A
54 wk=Esl= 2] Hr1sl9it Motooka et al. 2019). o]2]gh 7] &
ATE2 QZSS CLAS AH|A 9] 5 59 HEE SHoATE
A5t

b B =EollAe 48 W H1XI3E GNSS 7|&= 85
o|ejo]] CLAS HYAHHE M gslo] £35 RTK 7|8 L =
9 A3 F5H QZSS CLAS AH|A L] 92 Fet= & Hrislsl
< wdtotet A B ol S AlFH F24 A RE F83lo]
AFEAF 912 Q&1 it B S pF-S AFES}AL, o]
CLAS 7I8F A &4 45 7t
¥ BAFE 7]9ke] Ay 9] AH|A 9]
Y EL A SAlH /IX]gH AMEALS] &9 A5o] 7P
2 AAEHEZ B =R AL CLAS YEQ|To] FAR(LE )
ofl $1XI3t GNSS 7|&=-& AHEALR 7HYslaL, i 7] =ellAl
4=2=l Global Positioning System (GPS) 3= t|o]E{o]] CSSR
ZUHe] CLAS YA B X8 & wbgat %] 2k} 749 F5
QZSS CLAS B4 K o] wkgal u| 1Y 48l E& 7S B4
SHict. 3k CLAS B HE 7|90 & AFGA} 9]x]oflA]<] 7}
A} 7122 (Virtual Reference Station; VRS) & tj|o]E] & 24 A]
3 %, o2 AL} TE ElolElst 3] RTK Z9j0] Salel o=
AA AT ES0]Q] RTKLIB (RTKLIB 2022)of 2l&slo] £
RTK 9] Z7}2 H}eto @ CLAS HA A H o] GNSS Z4 %
2t A J5E Frlelict E3E ZF CLAS B Ko tig
L E oJu]sh= quality indicatorE 8510 RTK 9]0
5 940 = U ukT} 3] el Tk B4
1, |8 Nro2 AbgAt 91X o] het BB

o
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Fig. 1. System schematics of QZSS CLAS (Motooka et al. 2019).
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Fig. 2. Local network and grid distribution of CLAS.
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2. CENTIMETER LEVEL AUGMENTATION
SERVICE (CLAS)

2.1 Overview of CLAS Service

CLASE QZSS €4 2] L6 4152 E3] GNSS & 2 dhser}
SR QA HAFS A3t HAYARE B Ao WEFo =
AHIA ] Y| AFEAFS] PPP-RTK 915 7+ she emyg &
9 =2] A{H]Ao|c} CLASE GNSS Earth Observation Network
(GEONET)o|a} Ea]= ¢F 1,2007] A 9] = W AFA] 7] &0l A
GPS, Galileo, QZSS 5 ™5 ¢4+ #S dlole & 4351, o]
G Ao &2 Agst T4 Aol 2 7]E=ollA]
75t GNSS S A& &-g35te] 914 A= L AlAA) 9148 41
4 vkgat vpololA i 73 9 S expel gk B
AJAJshaL, o] 5 QZSS $143E Fll CSSR ZHHO & ARE-
el A ®E3het. Fig. 12 QZSS CLAS A|AK] 25 B35
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Table 1. Specifications of CLAS (Cabinet Office 2022).

Parameter Specification
GPSL1C/A,L1C,L2P, L2C, L5
Augmented GNSS signals QZSSL1C/A,L1C, L2C, L5
Galileo E1b, E5a
Static Horizontal < 6 cm (95%), Vertical 12 cm (95%)
Accuracy . . . .
Kinematic  Horizontal < 12 cm (95%), Vertical 24 cm (95%)
Availability >0.99 (at least 3 QZS satellites)
Continuity >1-2x10"/hour (each QZS satellite)
Integrity (Time to alert) 9.2sec
Time to first fix <60 sec (95%)
l:i DIRECTION OF DATA FLOW FROM;:;EB:.TL;T-E ‘M;}Efgoile[F[CANT BIT (NSB) TRANSMITTED FIRST &

1 |50 1745

T REED-SOLOMON
DATA PAR' e

1695 BITS ool

L vesosn-soms

Fig. 3. QZSS L6 message structure (Cabinet Office 2021).

et al. 2019), Fig. 29} Zro] 127]19] V| =] A9} 2127]] A=A
(grid) 0 & L/d= o] §la1, QI Az kel 7+4-2 oF 60 km
AT 2 AA o] glr} (Cabinet Office 2021). TA} CLAS:E GPS,
Galileo, QZSSE 23Fet th $iAdtoll tigh B4R 4 74
A AEE Hk5l7 9] on] k5 GLONASS CDMA 415 (Gla,
G2a)E AL of|F o]t} Table 1-& Performance Standard (PS)-
QZSS 24 (Cabinet Office 2022)0] A 2]=] CLAS A{H]A 2]
PPP-RTK &9 45, B4 415 5& &gt Aot

2.2 Compact SSR Message Format

Fig. 32 QZSS L6 HA|A] 25 UEhd ZlolH, 7} wAA] =
49 bits header, 1695 bits data, 256 bits Reed-Solomon, & 2000
bitsE2 A& o] itk TS data IFEO|&= CSSRE] sub-type H]
AR 7} Z5FE o] 9] 01, 7} sub-type HA| X &= T RTCM 3 |
A2 et fAFRE L2 E Zh=T

CSSR YA A& 7]& RTCM 3 ZHo| 5356
Z| 2 proprietary message type 40735 3| Hl45]
Table 29} 7Z+o] GNSS &£ %] 22} AR == 2
e sebnlEl7h 23R 12709 sub-type HIAIZ] 7} Ex)FicE.
E3) CSSR BARH= 24 BE YEZ 9 Az &
SHA A8 4~ ¢l common correctiony} ZF JELT &=
A uich AlZ= = local correction© 2 FLESH 4= Qich ™
, common correction& 7+ $}/dof] thet A= 2 AJA 24}, 41
S FE 9 di£ul vlo]o] A, User Range Accuracy (URA) A
B2 FAgEo] 9lom, o]= RTCM SSR 194 & 2TA] H|A]A]
2} 53to] 7155t el 2 Al 3-5ict (Hirokawa et al. 2019). CSSR

RTCM SSR¢} 7 A 2 oh5 14+& A s, 8 &%
HIA|Z] H4-8 £J5l] RTCM Multiple Signal Messages (MSM)
{ASHA satellite maskS &-85}111 Qlch. Local correction
Bl el TAsHe 7t =9a 9 ARkl i o)
2 & 9 AEF QxR A ok HES ek B
BE UESYT 992 WA= area correction} 7}4He] 4
AHulct YA == residual correction© 2 LA E o] it &
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Table 2. Compact SSR messages (Cabinet Office 2021).

Group name Sub-group name Mislf;ﬁ;ptipﬁ)m’
CSSR mask 4073,1
CSSR orbit correction 4073,2
CSSR clock correction 4073,3
Common CSSR satellite code bias 4073,4
correction  CSSR satellite phase bias 4073,5
CSSR satellite code and phase bias 4073,6
CSSRURA 4073,7
CSSR combined correction 4073,11
Local CSSR S”l?EC correcliOI.] 4073,8
correction CSSR gridded correction 4073,9
CSSR atmospheric correction 4073,12
Service CSSR service information 4073,10
3], area correction® 9= W Hz o] $t4-2 THEE thgAl
(polynomial)©] e 2 AFH}. hF2 03} HAHHE BE
S1ell Thslol EASIA AT 4 ok 1 W A g2 4

AEE A3 e,

3. RANGE ERROR CORRECTION

CSSR& GNSS &A x]of] &Lekel 02} @A
A JRo| FFRIL FEE 7} o2} AJRef diste] B
S|l & A3t ot JEEE REHYsY] difol o4 84
o] WslE-& Jigste] WEF7] A, kg o} Adiol B
Bl Aliglgol] & 9148 AlAl extell gk B RO HEF7]=

3.1 Satellite Orbit and Clock Corrections

A7) CLASOIA AFshs 914 A= ejol et g n
sub-type IDs 2, 110]] Z3t=]o] Qlt}. Sub-type 2 HAIA] &= ¢

X
A4 wek obeh A4 03k BAHRE A ATk CSSR
RTCM SSR}e] 52Hd-& S8 FiL Q7] wiZel ¢4 #
AAHE Fig. 49} Z+o] radial, along-track, cross—
track v}eF A H o 2 st ¢ltt wlab] radial, along-track,
cross-track ¥eFe] A% X} AJE-E& AFFA A7 A
(Earth-Centered Earth-Fixed; ECEF) 2 ¥H3lsh= 7o) e
S}ttt (Cabinet Office 2021). T3k CLAS+= AFEAF7} SHH m|A|
Aol 3t The}o]E B ol gabo] ALHE Sh4 AlAle] tie o}
£ BASH] 213 BEY B E AlgshH, o] CSSR HA] %] sub-
type IDs 3, 110 3£3t=|o] Qlrt. Sub-type 3 HWIA|Z|ofl:= GPS,
GLONASS, Galileo, QZSS $JA4] A|A] 2} BAA B} Z5tE] o]
om, AHERHE o] & o] &35te] g HA]R] VRte g Ated
2143 AAlo] T3k @ 2FE BAKSE 4= 9lT} (Cabinet Office 2021).
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Fig. 4. Radial, along-track and cross-track components of satellite orbit.

3.2 Satellite Code and Phase Biases
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3.3 lonospheric Correction

CLASE 795 93 RARRE ke Futd S5 A]0] 2
£ 7}55F= = Slant Total Electron Content (STEC) HE]Z A3
Sk QITh. w3 obM Q133 ulel 7o CSSR Hel% o) By
BE=ZF Y ELTHEE YA EE polynomial AJE3 AR A 9]
AL 71Z2 02 YA residual AR o2 JTLERETC A
22} B B o] thaha] JH-2 CSSR #|A|Z] sub-type 8, Xt
| 7422 sub-type 90f 23 o] glom, sub-type 12 HA| %] €]
okl AR A 8-S S A BET STEC BA 4
A5e17] 19l Wesh TFFA] A4t sub-type 8 = 121
A Z]ef| s3HE “STEC Correction Type” Zh2}m|E{ o] 4°H A4
o CLAS AH8A7} 1 9 vkt 247 1el5 2312 1Ak}
7] Sl AFBAHE Eeit 24 1 o]4be] Aol Was)
o, 7} ARpol o] MelE mA R Se] /15A Gom ALgA
277)e] 4215 2Ao] et WA BT AHETE

A

i

3.4 Tropospheric Correction
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Zog23m &8 20l Ao sub type 9 Dﬂ*VlC’ﬂ 7‘*4
=l 0.252 m T+ sub-type 1201] 3]
Offset” k< *}%ﬂ"% 21313
|2E Skt 37H

3}=l “Troposphere Residual

(mappmg functlon)% *Jg%l Zd SRS EH%Z Q2o Hg3ho
EZN HFH o2 HA RS A o2 EAHEE AET £

At

3.5 User Dependent Error Correction

IS-QZSS FAoll @2 CLASE AMEAL fiXJof] S 5
= ARG ZA(solid earth tide), 3oF &A1 (ocean tide), = &
A (pole tide)z} ¥r&a} 242 9] 2JAF 2 &4} (phase windup
effect), QFEI|L} YJAF A1 @ STA (phase center offset) 2 QFE]|
L} 9JAaF A1 HE (phase center variation) 5 AFAF €3] 2
Qe 2o EPEP Gebd S e O ARl it B R
= CSSR HIA A& ol AlFshal QA Fon g ARGA = A4l
9] 912 AR5 viedsto] o]2jRt QX5 HALsHoF gt} (Cabinet
Office 2021). & =Fo|A I & W 9hdnt S| Q2 HPPH
A3/d A] 839t o2 el 2 thE3) At

+ Phase windup

- Shapiro delay (Relativistic path range effect)

- Solid earth tide

- Ocean tide

- Pole tide

. INTEGRITY INFORMATION

4.1 Compact SSR Integrity

CLASE GNSS Az a1 HAA R o]|Qlof| % alert flage}t
quality indicator2 —T’- 15 44 JHE A A5t ok
1-bit alert flags= L6 M|A]X] headere]] Z3te]o] gl o o] ZFo] 1
2 AHE AL AHERE L6 4152 Eal] WHE L CSSR BAH

B2 2185} Wolof Fick. CSSR WA Aol @3} By w w
Tkolyat B B o] ESH4lA] (uncertainty)S 2]u|sh= quality
indicatorE HA| A &5FaL 1tk CSSR HIA]Z] sub-type ID 7-&
7} $14d] thak URA gto] 3helo] glon], tiis o4 2%
Hof tgt quality indicator= sub-type IDs 9 2 12, A &]Z 92}
BAA R o] tgt quality indicator: sub-type IDs 8 ¥ 12& &
s Al zEct ZF B3 Bol| gk quality indicator:= A (Da} 2+
o] 3-bit CLASSS} 3-bit VALUE®] 2%to 2 mHH} (Cabinet
Office 2021).



VALUE
4

Quality Indicator [mm] < 3CLASS (1 + ) —1[mm] (1)
CSSR URA Zt3} g &2 ox B A" thdt quality

indicatori= 4] (D& o]&ste] g 7h5sin, S o4 B

AAH o] AL [S-QZSS EAJof] 4~2% CSSR STEC quality

indicator®} STEC E3A414] X

indicatorg 4}&3sich AF22}7F CSSR HAA R

= Hast &
2 "1 o0 v T
2430l ot gl te] b 4] ()9} Zol B e}

(Cabinet Office 2021).

>

omfj(os,m) (0 10)"+ (550 X100) + (055 10/50ES)” ()

SFSHZOA 5 AT

245 oulsit}, &3t g, = STEC Lﬂ_zéxél,ﬂ_ quality mdlcator_,_

e A4k A o4 B R gt B2, 0,

Fo A HYAYHof| thsk B S QU]@'
CLAS AFgAb= g

CSSR HAA K A2 o] =& 3]0 tfj3} innovation L r651dual

AAF B AF2E ] Aol it ohefst £2A4 AAE 43

61— A o]r;].

4.2 Protection Level

] o]] w}z} Trimble
£ z}A} RTK-GNSS 4417] 9l FQ‘?E
u-blox Point Perfect) & A], cm+
SeEs A AT Ak 4
HE 2382 A¥3l= PPP-RTK &¢] AH|A & s}l QZSS
CLASE 3A AHgA A A Pshel a4 A 4
WY 4 YEF A ()9} Zo] CSSR HARRY TEAX 22
AFHI QAR 0|5 HET AHEAL BE FF A 7ML 15
QZSS B4 Aell BAIE o] 91A] gtk olof & R4t SBAS
AgAL BE SE AL AL TINEO R CLAS ALG AL BE 552
Ao M CSSR HAH R A gol T 9] 2317} 245}
7 bound =1 gl 7] o2 Felslgir}.

Satellite-Based Augmentation System (SBAS)+= GPS T & &
o3} BAFS S MAARE AL Fol Wshe B
A AElo|T} (Lim et al. 2018, 2020). SBASE QZSS CLASS}
Al 2k @&} 44+ SSR B Y B 5 AlF3tch T3 SBAS
BAA Rl A s B A R 9] confidence boundE o]u]

, u-blox 53} 7H2 GNSS A|Zo] A& 7|AE
Z9] AH|A (Trimble RTX,
A FHslel o gk 2

o)
=
35 GNSS 5} WA

N

il

ool br oX
i
ol
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24
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Sl
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R
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5 2
Z
o
>
©
B
\l
.
o,
é
-r‘
m°|'

o17)A o7, SBAS A A= H AAeA HPHR

AY, o= SBAS HE|F 0} B H| gt A, of,, 5
Y Z
o=

SBAS t#-% o2} B4

O

R bl thgt BARS ofn . =4 0% T
Sl AlAFE 7HA] 1449 ZE SR EAL G o] 85lo] BS54
Z (Protection Level; PL)S AAFSFo 24 SBAS HAAH A&

T AREE A AR it 78S BHe

A"o|A] 43 ® 542 (Horizontal Protection Level; HPL) 2

42 H5 4% (Vertical Protection Level; VPL)& A (4)¢} (5=
ol-gslo] A4k 4~ 3t} (RTCA 2006).

5 4
3
.ﬂ
%2}
o
>
9]
>

HPL = Khamajor (4)
VPL = K,d, (5
with
K =533 {Kh =6.18 for en route through LNAV
v K;, = 6.00 for LNAV,VNAV, LP, LPV approach
where
Se1 Se2 Ut Sek
S S CExY S
_ T 1T _|°n1 n2 nk
S = (GTWG)1GTW = Sui Suz < Suxl
Sta Stz 7t Stk
IrUSZBAs,l 0 0 ]I
w-1=| 0 O-SZBAS,Z 0 |
| : 0 |
l 0 0 USZBAs,kJ
—cosE;sin4; —cosE;cosd; —sinE; 1
G = —cosE,sind, —cosE,cosd, —sinE, 1
—cosE,sind, —cosEgcosd, —sinE, 1
K K
d; = Z Soi03asy  dn = Z St 95845,
i=1 i=1
K K
= Z Se,iSn,i USZBAs,iv dj = Z Si,i USZBAs,i
i=1 i=1
d2 + d? dz —dz\?
Omajor = - = £ )+ dgn
2 2
ol7] A s 2 godofa] 9 ooz Eo ;Y

(projection matrix), G 7|5} & (geometry matrix), W& 715
=] 3 & (weighting matrix)E o]u|glch,
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5. TEST RESULTS
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Fig.5. QZSS CLAS user selection (IGS 2022).
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Time series of GPS L2 SD phase residuals with CLAS corrections
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Fig. 6. Time series of GPS single-differenced phase residuals, (a) L1, (b) L2.
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5.3 Position Domain Analysis
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Horizontal Position Errors
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Fig.9. Single base RTK vs. CLAS-based VRS-RTK, (a) horizontal, (b) vertical.
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Table 3. RTK positioning error statistics (fixed only), TTFF and fix rate.

Error statistics
TTFF Fix rate [%
Horizontal Vertical Is ixrate (%)
CLAS-based RMS (m) 0.0402 0.0670
VRS-RTK Mean (m) 0.0341 -0.0335 897 40.6
(Case 1) 95% (m) 0.0686 0.1113
Single base RMS (m) 0.0268 0.0349
RTK Mean (m) 0.0231 0.0081 1 100
(Case 2) 95% (m) 0.0510 0.0710
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Fig. 10. CLAS-based VRS-RTK position errors and protection levels, (a) horizontal, (b) vertical.
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Fig. 11. PDOP and number of satellites.
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