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Biffi LAR— ;b ITU-T GSTR-GNSS

BEMIZBLTGNSS ZTS5A4TY B L-)IT7LUVRELTRATREEDEREHR

1 4vra89Y3Y

1.1 B

COEM LR — ME, BRERRLAFAENEEREET 7V F— 3 I8V T, GNSS O (E I
B3 2B MARMT 5,

NEZBRET DR GNSS DFEF— gy - 77— g 3R 2Y ) BIETIEEE L%
BRI A 2 AT A ENERTH D, TOBERIANIT 74 ~) - VT 7L VR T A LT
w7 (PRTC) RENA Ay MU= OHEMF R EDT A AR EN 5,

ZOEMT LA — M, GNSS OZ(FIZET 218 & MR DO NA LU RFRIZEAL O H 5 18FFEE .
A—Tp—, YV ar_RoF— FRAMEBRR X —ZMTT-bDTHDH, ZOLR— NI, — B EE.
AR L - T A—% - FRRAL e — F, Z L GREOME L TN EBT 27200 ki &t

ZOXEOBIL. BEAHBY., BERST ERT A MLR— R~ AU T CEREROFIER Z . GNSS
DZfEE Py 71 L THERIICRIT SN TV D KEOEEZIE L=V BRI L0 +5 2 & TR,

Z O LA — T, BUUEOIR S E O—2>ToH D GNSS Offathd My 7125 &k Ly, Ziuh
T 5 IEHRIL ATIS DA LA — M2l2dH D,

TOVR— O BEAT, KEHEREBAELET 7)) =3 a L ORDICEEM GNSS R—2 D7 v v 7 G
BOERT D100 A X A u iy 52 L Th o,

1.2 GNSS S RAFLD/NA LARJLEEH

1.21 SRATFLOEHE
2020 42 ABI{E. 6 DO GNSS I E I L AT L— 3 UNEILE Fich b . HIBRAIAIE & BERIRE 23t L
T35,

- T AU DBIFNERET D GPS (350D GNSS T 5, 1970 FEE NI H BT 8 0 . 1990 4E48
NOERESN TS, HELGELEMR LTS GNSS THY ., 6 SORERHFEERICH DK 32 #oh
BIERT RIS L o THIER &R E I N—F 5, 5 DORWEERERET SV r—va v THAL, &b
<N TWA DL 1.57542GHz (L11E§5) & 1.2276GHz (L2 18 5) TH» 5, £FHJ)7U%L CDMA T
5,

- Y TEAINERT S GLONASS 122 FH O GNSS THh 5, A U< 1970 ERE LIS LT b %
D, 1990 EMXMBLEH I TWD, 2FBICERLTWAHGNSS THY, 3 >ORLIHERICH D
24 O FEERTEIZ K > THIEREER A B N—7 % (GPS LV bk %E L < H3—75%) , 52Ok
EFRERAERET IV r—raryTHAL D L ELILTWD DX 1.602GHz (L1 {F5) & 1.246GHz
(L2155) THD, ZRAFRILFM 723, COMA HIFES N TV 5B, 1TE A ED GLONASS {5
1. KV BWEMNTE D GPS+GLONASS OF = 7 /LE— FIZ b LTV 5,

- PEBEFSNEET S BeiDou 1, 2000 FERUSHT D BIF2MAE V. 2010 ERWEELSEHA S TW5D, T
T T2HFEHBICE KL LTS GNSS TH Y, 2017 FITiE, 5 HOFILEE &K 30 o halE# 21
Lo THEEHICE N Ml % 7 X—L7-, BeiDou 1%, 2020 £ 8 Al {is B 3—3 % BDS-3
(BeiDou Navigation Satellite System Phaselll) 23 @iz 4D TV | 3 DOHE, 1.561GHz (Bl {F %)
1207GHz (B215%) -1268GHz (B3f5%) #HMERAET TV r—rarTHHALTWD, AKX
IZ CDMA T&H 5, 13L& A ED BeiDou Z/EHEi%. LV BWERAMNTE % GPS+BeiDou D5 = 7 /LE— K
WICHRIE LTS,

- BRMNEEGNEET S Galileo (X, 2010 FRIZH S BTN E o723, 3 DO ZHIERICH HEHRK
30 DO HLERTEIZ L o THIER &R E D= 5 TETH Y, 2022 HFPICEEEMRENES SN
HRIABTHD, 4 DO AENFLERLERAET 7V r—varTHAL, LI ELATHWAED
1% 1.57542GHz (E1) & 1.17645GHz (E5a) Th 5, £ L CDMA ThH 5, Galileo ZEHEL . &
D BVWERANTE A GPS+Galileo DF 27 Va2 F L — g »E— R&EHR— T 5,

- AV FBAREHT LA o FHEMERE S 25 5 (IRNSS (b L<1Z NaviC) ) 1Z. 2010 ERICH
H EFAAE Y, 2017 FEHAE, eERREBICH D, 1 FEETEAINDIHRKIHOFF AR L
4 KO [F HIEE OFRIC L » THUlE 2 hS— L TW5, HEH & BAMT 1.176GHz (L5 1E5) .
2.492GHz (S {é%) D2 00)%@5%;@7@ LTW5h, Zﬁégjﬁjjitli CDMA Tj?)éo
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,Hﬂ/\

- HBARBNNEETAIHEREMRE D AT L (QZSS) X, 2010 4T H EIF 03 hE v | 2018 4El2 5243
FRREIZ A o7, FRIEERE LML, SHMOBR - BT VT - A=A N7 U T O 72 % 1825 HEXRTEL
ORI L > THSE A B X—L T35, GPS LR Uik L AT e HERAERAET AV r—va
THALTWD, QZSS X, MR OMEEZI ST /20, LIS 55 T 7 A —Z ANy —t
A (SLAS) %, L6 55Ty F A —FHBBPNIHEY — 2 (CLAS) Z#HL LT\ 5D, fFleid 7 #A
HINFFEEINTEY, ZOFFIZIFATS 7 4 VT HBEA~OXKE L TGRIEA v E—VEMIED A v
UL IR A TETH S,

TEIZ., #NFHND GNSS a2 AT L—3 g UMl ) g0 —&ETh 5,

1176.45 MHz 1227.6 MHz 1575.42 MHz
- M-Code
L5-1 M-Code BOC(10, 5)
BPSK(10) BOC(10, 5) :
GPS L1C-1
BOC(1, 1)
LG L2C L1C-Q
5 ol ety L
e BPSK(1) TMBOC(6, 1, 4/33)
1246.0 MHz 1602.0 MHz
" GLONASS = GLONASS
P-Code P-Code
GLONASS BPSK(5.11) BPSK(5.11)
FDMA
GLONASS GLONASS
C/A-Code C/A-Code
BPSK(0.511) BPSK(0.511)
1248.06 MHz R | e i
1176.45 MHz  1202.025 MHz 1.20C . L10C
L50C-I L30C-I BPSK(1) “)( I BPSK(1)
GLONASS BOC(1,1) l BOC(1, 1)
CDMA
L20CM L10CM
L50C-Q L30C-Q BOC(G, 2.5) BOC(S, 2.5)
1575.42 MHz
1176.45 MHz 1207.14 MHz 1278.75 MHz ELEL
g A OCUS I o < ;ﬁjﬁg) CBOC(6, 1, 1/11)
GALILEO
El,
E3b-Q BO( ..(10,5) BOC(15, 2.5)
1207.14 MHz 1268.52 MHz 1561.098 MHz
B2-1(0S) B3-1(0S) BI1-1(0S)
BPSK(2) BPSK(10) BPSK(2)
COMPASS
CPIl B2-Q(AS) B3-Q(AS) BI-Q(AS)
BPSK(10) BPSK(10) BPSK(2)
1176.45 MHz 1207.14 MHz 1268.52 MHz 137342 Mz :
_ AItBOC(15, 10) B3(AS) BI1-C
B2a-D(0S) B2b-D(0S) BPSK(10) MBOC(6, 1, 1/11)
B3-A(AS) BI
COMPASS BOC(15, 2.5) BOC(14,2)
CPIII
B3(AS)
B2a-P(0OS) B2b-P(0S) BPSK(10)
1575.42 MHz
1176.45 MHz 12274 MHz 1278.75 MHz
i L2C LEX m
BPSK(1) BPSK(5
[ BPSKa0) ) ,M|“1K|
l " [] A BOC(1, 1)
L5-Q
Qzss /’ BPSK(10)
1176.45 MHz
IRNSS SPS
BPSK(1)
IRNSS RS
IRNSS BOC(5,2) \/\ R
ES/L5 band L2 band E6 band E1/L1 band

GSTR-GNSS(20)_F01

B 1-1-GNSS 22 v 2 F L—3 a Y DIEE L B EEE (2017 4£8LE)

ERIE, EMSIEIZ GPS, GLONASS (FDMA X Uf CDMA {§5) . Galileo, Compass (7 =—X Il KN
7 =—Z I, Compass (% BeiDou DLUFIOAFTH %) . QZSS, 72 HTNI IRNSS TH 5,
hbparzxrFr—yvary (REMES) ORERERZSOTORICELD D,
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# 1-1-GNSS 2> A F L—3 g yOEXEH (2020 EHIE)

System Nominal Full Number of Coverage Civilian
AT A constellation operational operational By spectrum
DR capability satellites LA S B
FE4iE ] R 25K
GPS 24 1995 31 Global Current: L1 C/A,
(2017) L2C
Future: L1 C/A,
L1C, L2C, L5
WAAS 3 10C/2003 3 Regional Current: L1C/A
FOC/2008 (UsA) Future: L1C/A,
L5
GLONASS 24 1995 24 Global Current: L1OF,
(GLONASS) (2017) L20F, L30C
2010 Future:
(GLONASS-M) L1/L20F,
L1/L2SF,
L1/L20C,
L1/L2SC, L30C
*: some are
CDMA signals
different that
GPS ones
SDCM 2 2014 3 Regional L1 SCDM
geostationary
satellites
GALILEO 24+3 (MEOQs) TBD 22 Global Current: E1
(2019) OS/SAR/PRS E5
OS/ SAR
Future: E6
CS/PRS
EGNOS 3 (GEOs) 2009 for open 2 Regional Current: L1C/A
service (+2 test) (Europe) Future (Egnos
2010 for safety- 2G): double band
of-life service
COMPASS/ 5 (GEOs)+ 30 TBD 23 Global 1,559.052 ~
BeiDou (non GEOs) (2017) 1,591.788 MHz
1,166.22 ~
1,217.37 MHz
1,250.618 ~
1,286.423 MHz
GAGAN/ 8 TBD 8 Regional GAGAN: L5, L1
IRNSS/ (India) IRNSS: S, L5,
NavIC L1
MSAS 1 GEO 1 (MTSAT) Regional L1
(Japan)
(Note: It is
planned that
MSAS will be
terminated and
taken over by
QZSS)
QZSS 1(GEO) +3 2018 4 Regional L1 C/A, L1C,
(Qz0) (2018) (Japan) L1S (Sub-meter
7 Level
(TBD) Augmentation

Service), L2C,
L5, L1-SAIF),
L6 (Centimeter
Level
Augmentation
Service)
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() £ 11 IZEBHEDO Y AT LD, WAAS, SDCM, EGNOS. GAGAN. MSAS %, SBAS Ofif 2 ThHh
V. SBAS DfE SlIt@oftkE & 7o T 5, KEN SBAS OFEZITH LIFTHBY ., ZREhDA4FRL
WAAS Ck[E) . SDCM (r7) . EGNOS (EU) . GAGAN (1> F) . MSAS (AAR) &7eoTW 5%,

1.2.1.1 GNSS#HEhLEESIIhIER

GNSS RN BEEINAHFRIZIZ, 722213, =72 A YR, TA~F v, B, SHBHTEE: E
NH 5,

BRIIEEE—a DI RLORDOT, TOMNELEXEZHEIZNDZ ENEFICEETH D, Mk
A o—=VIZiF, DEDOLDOREEND,

- TAST v 7ER: AEEORENBPEF R, ~VABFROCEHEMIET —Z . UTC D5 5 5 1
W, ZOFRITEr HEAEDTHY . ZEBITEERICHEELNELZILSMD Z LN TE S, Lil,
BIEDOZERITT R TOT A~ v 7 22 ETEH5ET (KK 1255) /e & bEBT 5,

- 7= AYRAER GRS T —ERE IR OME L HE)  HEENEET L, TOWMERY
(B3 D Ll RFIR] (B 4 RFIRD) - DA fife 7 0 T80,

- %Eﬁ%ﬁ%%::yx%v—yayyx%A%%Kﬁféﬁim%@ﬁﬁ®ﬁ7t/h%ﬂﬁ
FHIZB VT, T RTOARBEED T X CTOREF 2B N ORHEICRAM ST 572 DICLETH D,

7 VA RGPS (AGPS) 13, ZEMENTRTHOTT = AU ZEME T V~F v I EREA V4 —F v b
LDV E— == 5 B T%élo %5, ZhUE, 125 300D GNSS R D% (GPSLIC/A &
Galileo E1 55 0HE) IV HIE20ICEETH D, A v —TOFEMRRE 7 +—~ v ME, SFEERNL
VAT LDA v E T z—Aay h—)L RF a2 A MIEREHEINATWD

GNSS 2 HOET DM HAJIZ, GNSS E 50318 SN F DO EDEIE FOME L %2, ZEH
NHBMICHETEDLZIICTD2Z2LETHD, ZhICLY., ZEBITIAFOMEELHE L., £< ORMKE:E
FEIETEHXK21275,

1212 HiEAvE—SOES

MUEA v E—UOFHIL, GNSS FHH Z & OMIKICERIKTT 5, TNEEDHHER T, Eich Et
TAURIDST v 7 u— KT HBEOTXA TV T ¢, DX HEOEE « FFEHEZOTFRIOZEN,/R E
Th s,

122 WHEHREVATLOLLA
FTRTOGNSS T, ENHBRICEICEBL, 32087 A MDD,

- B e A NE. B EOREA TR L T BB RRECTH B, BT S AL MoiE, &
BENOREEH ﬂbvx&%ﬁﬁ&kémi®ﬁ%ﬁﬁ¢ T AT OfTE % I E 72 XA 2 85
N5, MEZEETRICLEZY, BUESCHAEZEELZY, AHAT—4% (=7 =AU AREHE
%?wﬁg)%7yfm—hbtbfé%¢i\i%ﬁﬁ?7%/b@ﬁﬁT H5D,

- FH RTA M, HEE A NOBEBETICHOIMETHY, HMEIZH DTN TOZEHITILL
i A, =72 AV R A7 —FR) 2P 5, BRI RAVF-FREHEL T, 6t
TAVNEea—FE T AL NEDETET ¥ FNVOEIBEEE 2T o720, HUEEEEIT 720 TX
D, BRIIEEERRIER (1ZLAEOa L 27T L— g U CIHRFRED bEELTRY ., Hi#Et
AV NRTIET D Z LIk 0 Rl LR 2 MR TR D,

- Z=F T AL, HETEO GNSS ZEHTH 5, TOMIEIBEIE (Rv— 7 r CHB)
B L) THY, ~HIEEER (T4 77 Ly /L GPS DEESLHERED I a vy s y) Thb,
IWEND, BEOEENSESEZELRNOMBLEAA 7y FAKa 2 N TEET S L 51T
FrEnTng, ZEEOPITE, 1255 0FTHEHEOa AT L—ra LT LT 2 L2 Z(E T
DHLO0RH D,

1.3 GNSSZEBICHITIEBELHINDELE

GNSS MO T IFSREIT, BEOT v U RV E AT 2 N T& 5, MEREX, 77 %@L
THEELZ RF ULl ZEBNECER LRI VX ay—ro 2 (HxofREERTLTY B
5) BT L0 TH D, MHEEE, LS IR D, WEGENMEEN O ZEME CBEN L/
(F 721 ff%@“é@iﬁﬂfﬂﬁ%mﬁ#éﬁ\ ZHUCIEZEHNER OFEE A 7 &~ b (GNSS 4225 D)
LMD A X EEND,

RAIVITT TN r— 3 o Tld, 2—VFRENCEL 7 —_ GRE: BOMBERETA L) %

FITTED, ZOEMBETIL. GNSS ZEHOT v 7 FEEMBII A & 272 &1, fif RE 4 DORMELIT
xa, ya, za (ECl 7L —AIZBITF D7 7T OME) K totrset (ZIEHED 72— VEFZIE GNSS =R 7 D
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Begl A7y b)) THD,
4 5DFHERRE 4 SORMEDOREMRLS Z LIXEHETH D, ABSTHRIZZ < ol TE#fInTns, %
NHEOHIIIOTDOLONH B,

= REERRBCERNC P Ul K D RIE,
- Za— PRCESSKBY R LEELZEN T2 L, TOmoT 7 u—F,

FTRTOFEZ, 4 DOFBRREMFE, 4 SDORMBLEHETH720I12, Dl &b 4 BOHENRLZT
WHRBENDH D, AEEBZ DEENFIFATEECHIVUE, & 2 T CHl L7228l (SNR/ sl s #3576 )
te~2s | Mg~ 27 MEOBMHAREER TR (PDOP) ~ 27, BGNICBET 2 ZEHIC L b2 Mtol
BPER (T-RAIM) ~27) 12X, REGOHHHECEBEMEO L WVEEZPIR L CTRWHEEN OERE
BHZLENTED, BT —_A1L, W, 20X RHEEHTRMERY KL, Z O ROV % [EE
NEOHEEE L T 5,

BT RETT DL, ZEEOT VT MBIXEE T2 HREND, TP b, xa ya, za X,
BITPRHE TIE RS ANNTA—=F B2 IND, ZUODEROHIZHEZROEED, THTE D0 %M
BT DEMRBENNREINTWDEZ L bbb, BEAOMEIL, &4 O ZIZHIGT 2 e R
FHTE %, Zihux, BiifbEhz—kFBEXNTH D,

BEOHmENFI ARG S 5 2 TR ~7= 8l (SNR/ MR R HFE b~ A 7 Mif~ A 7 PDOP
~ A7 T-RAIM v 2 7) 2LV, REGOHHHEGEFEMEDORWEREZ PR L T X To REFRFED
OfEREHDZ LN TE D, GNSS ZEHOT 7 FLEITHRIZH 5708, xa2+ya®+za? NWHIER D20 2
F, FIB37TIkMZ TN T L 2 FERT DLEND D,

IS DFEOZEMIL Appendix IV 2RO Z &,

1.3.1 GNSS #Hifif
W2 B E T 256, MEEHEMRS 2 81384 OMEEZTLETHIEKEORREMET DI LIk D,
ZOHETIE, RO —SERET D7D IBOMENLETH S,

I
]

Te——— -

S3
/
\
3
-
A Y
hY
\
\
~ ~\
"\‘-.. ~ ¥ -
N T =—-=-
|
I
S2 !
]
I
/
/ GSTR-GNSS(20)_F02

X 1-2- =01 &

ZIZT, BNROBEE (SX) 1T 3HETEA. R P OZEHERH O UDIE LWL E R - WA
ASRAOEENVLEL 2D, (F: NABEAZEHEEENE CHEHRT 256, ZOMEE, Kok LT
BT P FUZHEE S 2L, BERNODORT A= 725, TS LY, B2 AT D HRRRD L O A%
K&+ 20D, )

BRI, BENIT L OBENOHEETE D (727, HECER LY BVWEELZEDL-DICEROHEY
AT ZENEELYY)

1.3.2 GNSS Bl
AR 2 9 5 7201, FEAROEAN & L. GNSS OHiEA vt —VNOEZIEREZ ED X >
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AR 2OV TCERT DLERD D,
TRIE, GPS VAT LADOWHAIFR LT A—2 DI TS (D GNSS VAT AB%ETHD) .

Ve

™

L

) ] GPS
Monitor stations

clocks (Caesium)

h 4

-

A

Satellites (SV) clocks - GPS Monitoring data
rubidium or caesium g system time USNO

|

GPS time — SV time ]

!

[ UTC (USNO) — GPS time le

)
!

-

[ SV Nav message }
o /
/_
A r
[ SV time }—D[ GPS time }—b[ UTC (USNO) J
USERS
.

GSTR-GNSS(20)_F03

K 1-3-GPS V' AT ADKBRAR E RT A—&

GPS ORFZI R BT 2 FooARTE &

GPS X, [GPS v A7 LBZIR) 4T BB ORZREZMHEH L TV 5, BFIT TGPS B4
Th b,

KEMEERTA (USNO) 1%, KEEPHRE (DoD) Ol & LM kg o HHEZ #RE L T\ 5, USNO
1. W ODDEFIE2HD, b %o T UTC (USNO) LIEEh AR 2 EH LT\ 5,
I OREHT, EBRERFR (TAD KO ERSRE (UTC) ICE#KL T\ 5d, UTC (USNO) & UTC
(NIST) 1%, 1@% 20 7/ BUNEIZFLEALE—ELTEY., EHELLKEIICEITAAXEEZRE A
BT ZENTES,

[GPS 4] 1E, BESM L% (UTC LRICERT) THhO, GPS VAT A (FHEIZ AV MM
v 7 AR NICH B % DFEFHETRTHOREESNS, £ LT, HIEIC L > T DoD AR
HEREHIR T 5 UTC (USNO) ITRIE-SITT ST\ 5,

[GPS R4l & UTC (USNO) (&, GPS I¢ZIRDid/R75 1980 451 4 6 H (H) 00:00UTC &72% &K 5
IZEbELNT,

[GPS K%l OIET A —~ v MI-EDHEY,

o AFE (0w b)) . GPSHEZIDOBIME S DEF S, 0 —/ILF—"—3 10248 TH Y, 20 FE%
HT TR, BELEOTRICEY, RETHEME Y NEHETE S,

o HENEEZ (TOW) (9 vy b)) | BEANORKIBKRRT, 1.5 O iFE % R fE,

GPS Wil I3 7 IR TH Y . AXDOEBRRZR TH D UTC BT-oTND I D HRITHES 2 &
17220, LavL, 13 A YD GNSS 25 A (GLONASS #[&<) 139 5 9 MMEMRAEEE L TRV,
ZAZHE T GNSS BRI 5 UTC B 2 3B T& 5,

K OFEIT, R (SV) Bl LI 2 NERO KL & Fio,

EHRE., ~2AX—EHIBTOBRAMBOMI LIk, K2 OFEIT. SV BEZI% GPS ], GPS K

A%t UTC (USNO) DEDEFHET N, M b T AL vnbT v F Y s « F v o RARHTZE
45,

— 11 — TR—1100



- ZOETAERIT, GPS OIEA v B —TVNOEEL IR RT A—Z L) | K x D GPS H b HIERIZIA)
Mo THRELNDEHEFIZHDIAENS,

HHIZE 21X, GPS Z G IE. ZE LTI R TCOMEGENL INHTXTONRNT A —X 0 LT, GPS
F721Z UTC (USNO) DOHfAIZZ m—H /W EHE L, PPS AR — MIWER R 2 4 2 VBB 2 AR TE
;_:)O

2 GNSS R—X®M PRTC DitkEICHE £ 52 5ER
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Appendix |
Cable delay effects and correction in a GNSS receiver

.1  Presentation of the main components and hypothesis

The GNSS reception system is composed of:
an antenna, collecting all radio signals from satellites;

- (optionally) a cable between the antenna and the GNSS receiver;

- a GNSS receiver, terminating the radio signals, solving position and time variables, and delivering a 1PPS to the
user, along with time information = k*1s;

- (optionally) a cable between the GNSS receiver and the user;

- auser, receiving the 1PPS.

The goal is to define which variables are solved by the receiver, and how to calibrate the cables and other delays so that

the 1PPS is delivered "on time" to the user.

NOTE — The discussion only focuses on identifying a few unknowns (which position is solved, how cable and other local propagation

delays are compensated), and purposely ignores or simplifies other thoroughly studied challenges (see [Jespersen] for example):

- The effects of relativity, Doppler, ionospheric and tropospheric errors, multipath are considered as solved.

- The general frame for position considered is ECI (Earth Centred Inertial coordinate), thus ignoring the effects of the earth rotation.
Note that this is not the frame generally transmitted from GNSS for satellite positions.

- Also, for additional simplicity it can be considered that the receiving system (antenna + receiver + user) is at a static position and
that this position has been resolved. Only time recovery is of interest.

1.2 Main equation and variables

This document mentions the notion of pseudo-range, which is a key one in the context of solving position and time by a
GNSS receiver.

The distance between each satellite [i] and the antenna can be computed in different ways

= J(xi—xa)? + (yi — ya)? + (zi — za)® = c* (tri — dtgy- ti) = cx ((Uri- toppser) — dtar— ti)

where:
ti is the satellite "i" emission time in GPS epoch time. This information is carried over the radio signal from
satellites to receiver and therefore known
t'ri is the observed reception time in the receiver's local time
tri is the unknown reception time in the GPS epoch time
t_offset is the unknown real time offset of the receiver's local time vs GPS epoch:
+ t_offset =t'ri - tri.
« t_offset is the difference between the time read simultaneously on the receiver in its local time, and the
time read on a device that is purely aligned to GPS time.
« Example 1: If the receiver's clock starts counting from value 0 second today in 2017, it is "late” and
t offset will be negative. Its value will be the number of seconds since GPS epoch (Jan 6, 1980) =—-315
million of seconds (also includes nanoseconds).
« Example 2: If the receiver's time is almost good but too early by 1000 ns, t_offset = +1000 ns. When t
is read as k*1s, t' is simultaneously read as already k*1s + 1000 ns s on the receiver.
dt_ar is the real propagation delay between the antenna phase centre and receiver correlator (strictly positive,
including antenna electronics, receiver electronics, and a cable if present). This is an unknown value, but
it can be compensated by configured_dt_ar, as discussed below. This delay applies the same for both GPS
epoch time and receiver's local time
¢ is the speed of radio signals, supposedly known and perfect
xi, yi, zi  describe the position of the satellite "i" in the ECI frame when the signal was sent (at ti in the GPS epoch).
This information is carried over the radio signal from satellites to receiver and therefore known
xa, ya, za describe the position of the antenna in the ECI frame when the signal was received (at tri — dt_ar in the
GPS epoch). Either known or unknown value, as discussed below.

1.3 Solving for the unknowns
The pseudo-range is by definition, for satellite "i"

pri = \/(xi — xa)? + (yi — ya)? + (zi — za)® + c * (toffset + dtgy) = cx (t'ri- ti)

The system is normally able to solve the four unknowns as soon as four satellites are in view, where the unknowns are:

- Xa,Ya, zathe position of the antenna (unless it has been manually configured or estimated in the past and the receiver
is operating in "position lock" mode)
estimated_t_offset = (t_offset + dt_ar), the time error of the receiver + the propagation delay between the antenna
and receiver. In the above equation, dt_ar is common to all satellites equations and cannot be isolated from t_offset.
The estimated_t_offset by the receiver will be overestimated by this dt_ar cable delay.

The receiver's job is to deliver a 1PPS pulse when it estimates that t (in the GPS epoch) = k*1s, which means when t'=

k*1s + (estimated_t_offset — configured_dt_ar), i.e., when t'= k*1s + (t_offset + dt_ar- configured_dt_ar).

If the propagation delay between the antenna and receiver is correctly configured, then dt_ar — configured_dt_ar =0 and

the 1PPS is delivered at t' = k*1s + t_offset, which means t= k*1s exactly.

If, however, the cable delay is not configured, then configured_dt_ar = 0, and the estimated_t_offset is over_estimated
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by dt_ar, and 1PPS is delivered when t'= k*1s + (t_offset + dt_ar), which means t = k*1s + dt_ar: too late by dt_ar.
Note that in some deployment scenarios, there is a second cable which also adds delay on the 1PPS received by the user:
dt_ru, the propagation delay between the receiver and user.

If a one-way 1PPS output signal is delivered along with time information "t = k*1s" by the receiver "on time" and
received at the user with a delay of dt_ru, the user will receive it "too late". If the user aligns its local clock to the 1PPS
received "too late", its own local 1PPS will be "too late” by the same amount.

Conclusion

Solving the GNSS equations estimates the position of the antenna. Any configuration interface proposing to manually

enter the position should consider the antenna’s position, not the position of the receiver or the user.

The time the user receives as a 1PPS has the following cumulative positive delays that need to be accounted for:

- antenna electronics and any processing,

- any cable from the antenna to the receiver,

- receiver electronics and processing,

- and any cable from the receiver to the user.

Compensation can be done by actively adjusting the time of deliverance of the pulse, or by adjusting the data that says

what time the pulse arrives.

The value of this time compensation cannot be estimated by the GNSS receiver, and must be manually estimated:

- either by knowing the cable length and velocity, as well as other delays in the antenna and receiver "by design",
thus computing the total propagation delay,

- or using reflection tools to measure the round-trip delay of the cable.

Then, the user's management system must offer configuration parameters to manually configure these time correction

values.

The section below details four deployment cases.

Case 1 = co-located antenna + receiver + user

l -.—

: \,
» RN

Antenna

dt ar=0ns
Receiver
dt ru=0ns

GSTR-GNSS(20)_FI.1

This case is typically a mobile phone, where all functions are collocated within a few centimetres.

All signals from all satellites are received and solved in the receiver without any delay.

The solved position and time_offset is shared with the user without any delay.

Obviously, the solving for all unknowns (xr, yr, zr, t_offset) corresponds to the one shared by antenna + receiver + end
user.

Example:

If t_offset =t'- t = 1000 ns, which means that the GNSS receiver is "too early™ by 1000 ns.

Considering that configured_dt_ar is correctly set to 0 ns, that dt_ar is really 0, then estimated_t_offset is 1000 ns.

The receiver's job is to deliver a 1PPS pulse when it estimates that t (in the GPS epoch) = k*1 which means when t'=
k*1s + (estimated_t_offset — configured_dt_ar), i.e., when t'= k*1s + (t_offset + dt_ar- configured_dt_ar), As dt_ar —
configured_dt_ar = 0 and the 1PPS is delivered at t' = k*1s + t_offset, which means t'= k*1s exactly.
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Case 2 = co-located antenna + receiver, distant user

Antenna

dt ar=0ns |

Receiv
eceiver dt ru=50ns

dt ru=50ns

GSTR-GNSS(20)_F1.2

This case is typically a base station with integrated receiver including the antenna on a mast.

All signals from all satellites are received and solved in the receiver without any delay (dt_ar = 0).

If a one-way 1PPS output signal is delivered by the receiver "on time" and received at the user with a delay of dt_ru, the

user will receive it "too late". If the user aligns its local clock to the 1PPS received "too late", its own local 1PPS will be

"too late" by the same amount.

So, this dt_ru cable delay needs to be compensated by some configuration parameter:

- either advancing the 1PPS signal in the receiver and advertising t= k*1s

- or keeping the 1PPS signal in the receiver and advertising t= k*1s + configure_dt_ru

- orsimply let the user know that the information received from the receiver (1PPS + advertised t= k*1s) is received
too late by a value of configure_dt_ru, and that local time should be delayed by the same configure_dt_ru.

Example:

If 1PPS is delivered "on time" by the GNSS receiver, and t_ru =50 ns.

When GPS 1PPS and time information "t=k*1s" is sent at t = k*1s by the receiver, it is received at t = k*1s + 50 ns at
the user. The user will align its local time to that 1PPS and believe it is only k*1s, while it is already k*1s + 50 ns.

If configure_dt_ru = 50 ns, as expected, the user time will be increased by 50 ns, and the 1PPS delivered by the user will
therefore be delivered 50 ns earlier.

Please note that alternatively, if the receiver is sharing time over a two-way protocol (such as IEEE1588), this delay is
automatically corrected and does not need cable delay compensation.

Case 3 = distant antenna, co-located receiver + user

l’y < @'\
Antenna [ H /
dt_ar= 100 ns
R v,
SECRER dt ar=100ns
dt ru=0ns
-

GSTR-GNSS(20)_F1.3

This case is typically a base station with antenna on the mast, and receiver inside the base station.

All RF signals from all satellites are received at the antenna, then follow the same delay t_ar till they are captured in the
receiver.

In the pseudo-range equation, compared to case 1, this is delaying each "tri" by the same value t_ar, and therefore is
solved as an overestimated t_offset than the real one. It causes a positive bias on the estimated_t_offset, while the
estimated position x,y,z is still the one of the antenna (where all signals are collected in a straight line path from the
satellites) like in case 1.

If not corrected by the configured_dt_ar, this positive bias on the estimated_t_offset makes the receiver deliver the 1PPS
too late.

Example:

Considering:

-t offset =t - t=1000 ns, which means that the GNSS receiver is "too early by 1000 ns".

- dt_ar =100 ns, the real propagation delay between antenna and receiver

Considering that configured_dt_ar is incorrectly set to 0 ns, that dt_ar is really 100 ns, then estimated_t_offset is 1100
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ns.
The receiver's job is to deliver a 1PPS pulse when it estimates that t (in the GPS epoch) = k*1s, which means when t'=
k*1s + (estimated_t_offset — configured_dt_ar), i.e., when t'= k*1s + (1100 ns), which means t= k*1s + 100 ns exactly:
too late by 100 ns.

Now, considering that configured_dt_ar is correctly set to 100 ns, that dt_ar is really 100 ns, then estimated_t_offset is
1000 ns, fully matching the real t_offset.

The receiver's job is to deliver a 1PPS pulse when it estimates that t (in the GPS epoch) = k*1s, which means when t'=
k*1s + (estimated_t_offset — configured_dt_ar), i.e., when t'= k*1s + (1000 ns), which means t= k*1s ns exactly: on time.

Case 4 = distant antenna, receiver and users

l"zy 7“‘/ S Y
|
/

Antenna

dt_ar=100 ns
Receiver dt ar=100ns
dt ru=350ns
dt ru=50ns
— I

GSTR-GNSS(20)_Fl.4

This case is typically a base station with antenna on the mast, and receiver outside the base station. For example, a GNSS
receiver is shared between several base stations.

This case is a mix of cases 2 and 3.

All RF signals from all satellites are received at the antenna, then they follow the same delay t_ar until they are captured
in the receiver.

If not compensated by an appropriately configured-t-ar, td_ar will cause a 100 ns "too late" 1PPS transmission by the
receiver.

If not compensated by an appropriately configured-t-ur, td_ru will cause a 50 ns "too late" 1PPS reception at the user.

1.4 Determining position with non-simultaneous satellite signals

It is possible to solve for the unknowns even if the four satellites are not simultaneously in view, assuming the receiver
is stationary. This is described here:

It is necessary to determine the fixed coordinates of a stationary receiver for optimum timing. Ideally, one would like to
make all measurements simultaneously, from satellites with a good geometric spread in order to minimize the geometric
dilution of precision (GDOP). However, with systems in urban canyons it is not always possible to achieve a good GDOP.
An alternative is to make measurements serially in time, using a stable clock to bring the measurements together as if
they were made simultaneously. For positioning with simultaneous measurements, one needs at least four pseudo-ranges,
/X, to solve for the user's coordinates x, y, z and the user's time offset from system time t. For a pseudo-range, p, we have

P2 = (S — )2+ (Sy —¥) + (S, — D? + (ct)? (1.1)

for satellite S with coordinates Sx, Sy, Sz, and with ¢ the speed of light, ignoring the Sagnac effect and effects of the
ionosphere and troposphere. For a measurement m1 made when the local clock has changed its time offset from t to t+4t,
the pseudo-range, o1 is

P12 = (S = 02 + (Syr = )" + (Sp1 — 2)? + (c(t + AD))” (1.2)

If one knows the rate offset of the local clock from system time, the term At, then equation (1.2) takes on the form of the
general pseudo-range (1.1). Hence, it is sufficient to know the rate offset well enough to account for the change in the
local clock time offset. For example, if one knows the clock rate to 1 part in 102, the pseudo-range error after 1000 s
will be only 1 ns, or 30 cm. If a local clock is available that is measured remotely against a GNSS using a two-way
protocol such as PTP, it might be possible to measure this rate offset with sufficient accuracy.

The problem remains that there must be satellite measurements made at some point with enough geometric diversity to
limit the GDOP.
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Appendix Il
lonospheric delay, its effect on GNSS receivers, and mitigation of these effects

The use of two frequencies by GNSS receivers allows the receiver to detect and correct up to 90% for ionospheric effects.
The dual-frequency measurements (for instance, L1 and L2 bands for GPS constellation, E1 and E5a for Galileo
constellation, E1 and E2 bands for GLONASS constellation, and similar for BEIDOU) enable those receivers to correct
the error, because one frequency will refract differently from another and the difference can be used to determine the
effect on the signal being used.

If the receiver is able to manage linear operation on pairs of GNSS signals measurements, it is possible to estimate very
precisely the ionospheric propagation induced delay error. In this case, the receiver can subtract this error from
measurements.

Note that the impact on the GNSS receivers of ionospheric events is expected to be very similar within one geographic
region, so if all the single-frequency (for instance: L1) receivers in this region follow the same phase error, then the
relative phase error from this effect will be the same on the output of all PRTCs. In this case, the impact from an
ionosphere event is not significant if only the relative phase requirement is relevant.

Mixing single frequency (for instance: L1) with dual frequency (for instance: L1/L2) PRTCs should be done in a
controlled way in order to get the related benefits. Effectively, in a certain geographic area, all single frequency GNSS
receivers will all deliver non-corrected time, while all dual frequency ones will deliver the corrected one. This will result
in relative time error between the two groups of receivers. As a consequence, clusters requiring tight relative time
accuracy should be carefully supplied with the same type of receivers (if possible, all dual frequency for best absolute
time error, otherwise all single frequency ones, but avoiding a mix of them).

However, it is possible that clusters with single frequency receivers and clusters with dual frequency receivers may work
independently, in parallel.

In a GNSS receiver the measured uncorrected distance from the receiver to a satellite is referred to as a pseudo-range, R.
It can be expressed as:

R=r+cot, +0R, +cot, (1.1)

Here r is actual distance from the receiver to the satellite; oz is the error of the receiver clock, which we wish to determine;
Jts represents known clock errors of the satellite, which are broadcast in the satellite message; c is the speed of light in
vacuum; and JR; is the error in pseudo-range due to the ionosphere. Not included are other smaller errors, such as those
due to the delay in the troposphere. If Ri were known, then the offset of the receiver clock, d#, could be determined.

The ionosphere is a plasma, due to ionization of gas molecule by radiation from the sun. The plasma causes the
ionosphere to act as a dispersive medium with respect to signals, such that to first order [Klouchar], [Crawford], [Shohet].

o' =k’ + 0] (11.2)

Here w is the angular frequency of a signal propagating in the ionosphere; k is the corresponding wavenumber, and wp
is the plasma frequency. Under the assumption that the electron mass is much less than the ion mass (which is true for
the ionosphere), wp is given by

o = ’Lez [rad/s] (SI (MKS) units) [Shohet] (1.3)
P megO

2
0, = ’47[“99 [rad/s] (cgs units) [Nicholas]. (11.33)
me

In Eg. (11.3), ne is the number density of electrons in electrons/m?, e is the electron charge in Coulombs (e = 1.602 x 107°
C), me is the rest mass of the electron in kg (me = 9.109 x 1073 kg), and « is the permittivity of free space (& = 8.854 x
1072 C? s kg™t m™3). In Eq. (11.3-a), ne is the number density of electrons in electrons/cm?, e is the electron charge in
statcoulombs (e = 4.803 x 10717 statcoulombs), and me is the rest mass of the electron in g (me = 9.109 x 10728 g)

The group velocity, vg, for an electromagnetic wave in the ionospheric plasma is

, _do (11.4)
97 dk

Solving Eq. (11.2) for w and differentiating gives

yoo kK (11.5)

g 2
Jk?c? +o, @

Solving Eq. (11.2) for k and substituting into Eq. (11.5) gives

v, =c/1— (o, @) (11.6)
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If @>> ax, Eq. (11.6) may be approximated by expanding it to first-order in (ax/@)?. The result is

2
v, :{1-2“’”2] (11.7)
(0]

Eq. (11.6) shows that the group velocity is less than ¢ by the amount cax?/(2@?). The error in the pseudo-range, JR;, is
equal to this quantity multiplied by the propagation time for the signal through the ionosphere. The result is that when «
>> wp, JRi is inversely proportional to the signal frequency squared (i.e., it is proportional to 1/«?). Since the plasma
frequency of the ionosphere is on the order of 1 MHz [Crawford], this certainly holds for GNSS satellite signals.

When there are two pseudo-ranges from the same satellite at two different frequencies, the fact that dRi is inversely
proportional to «? means that

(6Ry) 17 =(0R,) f; (11.8)

In Eq. (11.8), we have used the frequency in Hz, rather than the angular frequency in rad/s. Then

2
SR, =0R, % (11.9)
1

The error in the pseudo-range due to ionospheric effects is given by the difference between the actual pseudo-range (Riz
or Riz) and the pseudo-range in the absence of ionospheric effects (Ro). Then

RifR():(szRo)I—{ (11.10)

1

Therefore, the pseudo-range in the absence of ionospheric effects can be determined by solving Eq. (11.10) for Ro; the
result is

_R-fR (11.11)
A L
From Eq. (11.1), the receiver clock correction is
St = Ro(;r _st, (1.12)
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Appendix Il
Time receiver autonomous integrity monitoring

GNSS receivers used for timing can employ time receiver autonomous integrity monitoring, or T-RAIM, algorithm to
improve the robustness of the receiver. This is the timing application equivalent to the RAIM algorithms used for
positioning applications. One condition must be met before T-RAIM can operate in a timing receiver: The position of
the receiver must be known before the GNSS solution to which T-RAIM will be applied. Most timing applications
involve stationary equipment, so once the position is known, it can be reused for subsequent timing solutions. The
position can be entered at a surveyed position, or the timing receiver can have an initial position averaging mode. In the
latter case many (for example 10 000) GNSS position fixes are averaged to remove noise. The receiver then transitions
into timing mode and uses the stored position. This position can also be stored in non-volatile memory and used after a
power cycle. In this case the operator will need to clear the position when moving the receiver.

Once the receiver enters timing mode each satellite is treated as an independent source of time. T RAIM algorithms are

performed for each GNSS solution as shown below:

1. For each satellite in view compute Ati, the receiver clock offset indicated by satellite i.

2. Compute average <At>, over all satellites in view, for a single GNSS solution.

3. If the number of satellites < 3, skip to step 6.

4.  For each satellite, compute |Ati - <At>|, so that the receiver clock offset from each satellite can be compared to the
average offset.

5. If|Ati - <At>| > threshold for any of the satellites, then remove the satellite with the largest absolute difference from
the solution and start over at step 1.

6. The receiver clock offset for this GNSS solution is <At>

T-RAIM can remove bad satellites from the GNSS solution until there are two satellites left, if the time errors are all

different. If the time errors are similar, T-RAIM can remove all bad satellites, as long as they are in the minority. Once

a satellite is removed from a solution, then it may be quarantined for a period of time, for example one hour. The value

of the threshold for identifying bad satellites must be chosen depending on the accuracy required for the application.

There is a trade-off between the probability of failing to identify a bad satellite and generating false positives due to

random variation. For example, a threshold of 1 ps might be used. Note that different GNSS receivers which implement

T-RAIM, may have minor variations with respect to the algorithm described in this appendix.
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Appendix IV
Solving GNSS equations to establish position and time

IV.1 Initial equation
The distance between each satellite i and the antenna can be computed using the pseudo-range equation for each satellite:

= \/(xL - xa)z + (yi - ya)z +(z; — Za)2 = C- ((tr,i - toffset) = Atgr- t) (Iv.1.i)

This can be simplified to:

= \/(xL - xa)z + (yi - ya)z + (Zi - Za)2 = C- (Ati - toffset) (IVZ_I)

where:

ti is the satellite i emission time in GPS epoch time. This information is carried over the radio signal from

satellites to receiver and therefore known
tr'i is the observed reception time in the receiver's local time
tofiset 1S the unknown real time offset of the receiver's local time relative to the GPS epoch.

The quantity tofrset is the difference between the time read simultaneously on the receiver in its local time, and the time
read on a device that is purely aligned to GPS time.
Example 1: If the receiver's clock starts counting from value 0 second on 6 January 2018, it is "late" and tofrset Will be
negative. Its value will be the number of seconds since GPS epoch (Jan 6, 1980) = —1.2 billion of seconds.
Example 2: If receiver's time is almost good but too early by 1000 ns, tofset = +1000 ns. When t is read as k-1s, t' is
simultaneously read as already k-1s + 1000 ns on the receiver.
Atar is the propagation delay between the antenna and receiver (strictly positive, including antenna electronics, receiver
electronics, and a cable if present). In this appendix, it is considered as well-calibrated, known< and perfect by the GNSS
receiver.
Ati is noted as (tr'i — Atar - ti) to simplify the equations.
c is the speed of radio signals, supposedly known and perfect.
Xi, Vi, Zi describe the position of the satellite "i" in the ECI frame when the signal was sent (at ti in the GPS epoch). This
information is carried over the radio signal from satellites to receiver and therefore known.
Xa, Ya, Za describe the position of the antenna in the ECI frame when the signal was received (at tri — Atar — foffset in the
GPS epoch), either a known or unknown value, as discussed below.
NOTES:
Relativistic effects are not covered in this appendix.
During self-survey, the GNSS receiver's antenna static position is considered as unknown, so the four unknowns to be solved are X,, Ya,
Z, and toffser.
Once self-survey is completed, tosse: remains the only unknown to solve (but the position can be monitored and challenged).
The GNSS receiver's antenna position is located on the surface of the earth, so that it must be checked that x,2 + y,2 + z;2 is close to the
square of the Earth radius approximately (6371 km)2.
Squaring Eq. (1V.2_i) produces:

diz = (x; — xa)z + i — ya)z +(z - Za)z =c%- ((dt;- toffset))z (IvV.3_i)

IV.2 Different techniques to solve the equations with 4 unknowns
As shown above, the system of four equations with four unknowns is complex to solve. There are many techniques
described in the literature. Some of these are:
- apurely mathematical closed-form solution;
- other approaches, for example using iterative estimations based on Newton's method.
All methods need at least four satellites in view to solve the four equations and compute the four unknowns. When more
than four satellites are visible, techniques described in this technical report (e.g., SNR/carrier-to-noise power ratio
masking, elevation masking, PDOP masking, T-RAIM masking) allow rejecting the faulty or redundant ones, and allow
for checking and averaging the results from any group of four good satellites. A self-survey typically makes such
estimations repetitively over a period of a few thousand seconds, before it averages the results and delivers the estimated
static position.

A hlgh level view of the mathematical closed-form solution:

Step 1: From the four equations Eq. (IV.3_i), replace three of them by the difference between the remaining equation
and each of the three equations, thus removing all quadratic terms for the four unknowns (Xa, Ya, Za, and toffset).

- Step 2: Solve these three linear equations and find Xa, ya and za as linear functions of toffset.

- Step 3: Replace Xa, Ya and za, in Eq. (1V.3_1), by the above functions of tofrset Obtained in Step 2, making it a second-
order equation with only toftset unknown.

- Step 4: Solve the second-order equation, and select the torfset Value that makes the right-hand side of Eq. (IV.1) and
Eq. (IV.2) positive. In this step, toffset is determined.

- Step 5: Compute Xa, Ya and za from torrset. Check that this position is on the surface of the Earth. In this step Xa, Ya
and za are determined in the same reference frame as the satellite position, i.e., ECI (Earth Centred Inertial
coordinates).

- Step 6: Using the known time and rotation of the Earth, convert Xa, ya and za into longitude/latitude/elevation for a
human-friendly display.
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This conversion needs to carefully consider the imperfect rotation of the Earth. Models representing this are available
from the International Earth Rotation and Reference Systems Service (IERS). It should also consider the departure of the
shape of the Earth from a perfect sphere and apply geodesic conversion. Popular conversions are the Helmert and
Molodensky-Badekas transformations.

IV.3 Solving the equation with one unknown

After completion of the self-survey, the receiver's antenna position is considered as determined, and X, ya and za are no
longer considered as unknowns, but as input parameters. There are monitoring techniques to make sure that they remain
valid, and can be enhanced later, but this is not described here.

The known position can be used in Eq. (1V.2_i), corresponding to each visible satellite. This is now a simplified, first
order equation to solve.

When more than one satellite is available, techniques described in this technical report (e.g., SNR/carrier-to-noise power
ratio masking, elevation masking, PDOP masking, T-RAIM masking) allow rejecting the faulty or redundant ones, and
allow for checking and averaging the results from any good satellite.

IV.4 Detailed computation for the solution of the four equations

Step 1: From the four equations Eq. (IV.3_i), replace three of them by the difference between the remaining
equation and each of the three equations, thus removing all quadratic terms for the four unknowns (Xa, Ya, za, and
toffset). This is done as follows:

X2+ % =2 % X+ VP AV =2 Y Va+zii+2,° =222 = P AP 4P toppser’ — 20 €% AL
toffset (IV4_|)
After creating the three differences between the first equation and each of the other three, the system becomes:

Eq. (IV.5_1) =Eq. (IV.3_1): (1 —xa)* + (1 = ¥a)® + (71 — 200> = ¢ (At1~ toffser))’
Eq. (IV.5_2) =% -(Eq. (IV.4_1)-Eq. (IV.4_2)) :
(2 =) Xg+ V2= y1) Yo+ (22— 2) - 24
=% torpser(Aty — Aty) + Ya[(x2% + y2° + 257 = PAty?) — (%2 + y1° + 20 — At )]
Eq. (IV.5_3) =% -(Eq. (IV.4_1)-Eq. (IV.4_3)):
(3 —=x1)  Xg+ Y3 —=y1) Yo+ (23— 21) - 24
=% - toppeer (At — Aty) + Yal(x3% + y3% + 237 = PAt?) — (%2 + v % + 22 = AL )]
Eq. (IV.5_4) =% -(Eq. (IV.4_1)-Eq. (IV.4_4)) :
(s —x1) 2+ s — Y1) Vot (24— 21) 74
=% toppser(Aty — Aty) + Ya[(x4® + y4® + 2% — ®Aty?) — (x1* + 31 + 2% — Aty ?)]

Step 2: Solve these three equations and find Xa, Ya and za as linear functions of tofrst.
In doing this, the above system can be represented as a matrix and vector:

Apa = CZ . toffset At + AM (IVG)
where:

A is the matrix of the satellite positions

X3 —X1 Y3—)V1 Z3— 2

[xz—x1 Y2—W1 22_21]
X4 =X1 Ya—V1 24— 21

pa is the unknown antenna position vector

At is the vector of the time differences
At, — Aty
[M _ Atl]
At, — Aty
AM s the vector of the satellite pseudo-range differences

Yal(x22 + 22 + 2,2 — ¢ - A% — (2 + 1% + 27 — ¢ - Ay )]
Y[(x32 + y32 + 232 — ¢ - At3?) — (0 * + yi 2 + 22 = ¢ - A )]
W[(xa? + ya? + 2% — ¢ - At — (2 +y1 % + 22 = % - Ay )]
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The traditional resolution of this equation consists in multiplying by the inverted matrix:
Pa = A_l - At - C2 . tOffSE’t + A_:L + AM (IV?)
So finally, the system gets simplified, with Xa, ya and za as a linear function of toffset:

Eq- (IV-8_1) = Eq- (IV-S_]-): (xl - xa)z + (Y1 - Ya)z + (Zl - Zu)z =% ((Atl_ toffset))z
Eq (|V8_2) Xqg = ka . toffset + kb
Eq. (IV.8_3): vy, =k¢- toffset T kq
Eq (|V8_4) Zg = ke . toffset + kf

NOTE — ka... ks are functions of the known quantities and are not provided in detail here.
- Step 3: replace Xa, Ya and za by the above formula using tofrset in Eq. (IVV.3_1), making it a second order equation
with only toffset unknown.

2 2 2
(xl - ka : toffset - kb) + (3’1 - kc- toffset - kd) + (Zl - ke-toffset - kf) = c?- ((Atl_ toffset))2 (|V.9)
This is equivalent to:

2
(kaz + kc2 + kez - Cz) : toffset

+2.[kq - (kp — x1) + ke (kg — y1) + ke - (kf —21) + ¢ - Aty - tosrser (1V.10)
2
+ [((kb - X1)2 + (kd - y1)2 + (kf - Zl) ) - C2 . Atlz]
=0
or:
Atorpser” + B tofpser +C =0 (IV.11)
where
A= (kg®>+ ki +ko2—c?),
B=2[kq (kp —x1) + ke (ka—y1) + ke (ky —21) +c? - Ay,
2
€= ((ky —2)% + (kg = y)* + (ky = 21)" — c® - Aty?)
- Step 4: Solve the second order equation, Eq. (I\VV.11). The solution is:
Provided
B2-4-A-C >0 (IV.12)
the solution is
—B+VB?-4-A-C
Loffset = 24 (IvV.13)

Select the one tofrset Value that makes the right part of Eq. (IV.1) and Eq. (1V.2) positive. In this step, tofset is determined.

- Step 5: Compute Xa, Ya and za from tofrset using Eq. (IV.8_2..4). Check that this position is on the surface of the Earth.
In this step, Xa, Ya and za are determined relative to the ECI reference frame.

- Step 6: For display only, compute longitude, latitude and elevation above sea level from Xa, Ya, Za.

This last computation is not described here.
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Appendix V
The effect of multiple reflections within the antenna cable

The GPS code is embedded in the signal using biphase modulation of the carrier. The receiver locks to the signal by
locally generating the C/A code for the particular satellite and performing servo lock to maximize correlation with the
received code. With no multipath reflections, the correlation code has a simple maximum peak. However, each reflected
signal distorts the correlation code, pulling the lock point and creating a bias. With multipath reflections before the
antenna, the arrival phases of the reflected signals change as the satellite moves overhead. However, due to imperfect
impedance matching at the receiver and antenna, reflected signals can enter the receiver after bouncing from the receiver
to the antenna and back to the receiver, transiting the antenna cable two times more than the direct signal. Figure V.1

illustrates this.

Reflected signal
Direct signal

Yiv

Receiver

GSTR-GNSS(20)_FV.1
Figure V.1-A reflected signal in an antenna cable

Because the code edges occur in the carrier, a change in the apparent lock point of the receiver can cause a non-linear
delay change in the apparent time produced by the receiver. This problem is discussed in the two references listed below.
This effect can cause large changes in the apparent delay of the receiver system without any apparent warning, due to
small changes in the electrical length of the reflected signal. A change in the apparent electrical delay of the antenna
cable of 115 ps can cause a time change in the receiver of 50 ns. The change in the reflected signal in the cable can
happen slowly over time and appear to simply be a change in the time of the reference clock.

As shown in Figure V.2 (copied from the second reference), with the bad luck of the wrong phase and cable length for
the reflected signal, even with the reflected signal 25 dB below the direct signal, the change of % the L1 cycle, 115 ps,
produces a change in the arrival time of the reflected signal of %2 a cycle, which in turn can produce a change in the
apparent delay of the receiver of about 50 ns. This can be seen in the figure where the error changes from the top of the
envelope to the bottom, due to a change in half a cycle of the carrier.

This 50 ns change in the timing error happens if the total delay of the reflected signal is about 0.5 of the pseudorandom
noise chip, or about 500 ns, which happens if the one-way delay is about 250 ns. This is not an uncommon length for an
antenna cable. If, for example, the speed of propagation in the cable is 60% the speed of light, this would correspond to
a cable of length 50 m.

A chip is a pulse of a direct-sequence spread spectrum code used in code division multiple access channel access
techniques. The chip is typically a rectangular pulse of +1 or —1 amplitude, which is multiplied by a data sequence
(similarly +1 or —1 representing the message bits) and then by a carrier waveform to make the transmitted signal. The
chips are therefore just the bit sequence out of the code generator; they are called chips to avoid confusing them with
message bits.
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Figure V.2-GPS correlator tinting error due to a multipath signal 25 dB below the direct signal as a function of
the delay

Even with a reflected signal 35 dB below the direct signal, a change in delay of almost 20 ns is possible. Figure V.3 (also
taken from the second reference) illustrates this.

Correlator timing error

20
Multipath signal at —35dBc blow up around 435 ns
10
g 0 -
3
-10
-20
430 432 434 436 438

Delay of multipath component (ns)

GSTR-GNSS(20)_FV.3

Figure V.3-GPS correlator timing error due to a multipath signal 35 dB below the direct signal. The window
shows the interval of maximum variation

Thus, it is important that the impedance matching of the antenna cable with the antenna and receiver terminations be
controlled to limit the power of a reflected signal.
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Appendix VI
Satellite common-view
VI.1 Satellite common-view
Satellite common-view refers to two places anywhere on earth receiving the same navigation satellite signal at the same

time, which can eliminate the common error on the two propagation paths and realize time comparison between the two
places.

\"?g? .
~ Satellite

-y
Station A Station B
Receive navigation signal Receive navigation signal
Measure the clock difference Measure the clock difference
between satellite time and between satellite time and
local time local time

GSTR-GNSS(20)_FVI.1
Figure VI.1-Principle of satellite common-view

The basic principle of satellite common-view is shown in the above figure. When the difference between station A and
station B needs to be calculated, the two stations need to observe the same satellite S. T(A) is the time of station A, T(B)
is the time of station B, T(S) is the satellite time, d(A) is the delay between station A and satellite S and d(B) is the delay
between station B and satellite S; the time difference between station and satellite for A and B is as below:

AT, =T(A)-T(S)-d(A)
AT, =T(B)-T(S)-d(B)
Then the time deviation between station A and station B can be calculated as below:
AT, = ATy ATy = (T(A)-T(B)) - (d(A) - d(B))

It can be seen from the above equation that satellite common-view can eliminate the influence of satellite clock error and
most of the path delay, which will improve the accuracy of the relative clock difference between the two places and
realize high precision time comparison.

VI.2 Satellite common-view for monitoring

According to the satellite common-view principle, the same satellite needs to be observed at the same time. Therefore,
monitoring with satellite common-view requires the following data: satellite, system time, satellite number and time
offset.

After the synchronization network is established, any two nodes can be monitored by satellite common-view, as is shown
below.
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Figure V1.2-Any two nodes can be monitored by satellite common-view at the same time

GNSS satellites continuously broadcast microwave signals every moment, and the main signal components of these
signals are ranging signals, used to measure the distance to the satellite, and navigation messages. The navigation
messages include ephemeris data, used to calculate the position of each satellite in orbit, the information about the time
and status of the entire satellite constellation, called the almanac, and other data such as satellite system time, clock
correction parameters and ionospheric delay correction parameters.

When node A receives the GPS signal, the satellite receiver will parse the signal. The pseudo-range pia is acquired
according to the ranging signal measurement, and since the form of the ranging signal of each satellite is unique, the
satellite number information can be obtained. Meanwhile, the satellite receiver obtains the satellite system time and other
information used to calculate the time offset from the navigation message, such as the coordinates of the satellite position
resolved from the ephemeris data, thereby calculating the time offset by the following formula:

C Oty = pia _\/(Xi —X2)2 (Y, —Ya)’ +(z,—2,)° +cdt, — Diifxm -Di* - Dii\mer

where:

- cisthe speed of light.

- pia is a pseudo-range (see clause 1.3 in Appendix ), and the satellite receiver acquires it by processing a ranging
signal.

- The node A coordinate position is (Xa, Ya, za). This data is known after positioning in advance and the Kalman
filtering process.

- The satellite coordinate position (xi, Vi, zi) is obtained by the ephemeris information in the navigation message.

- diis the satellite clock difference. This value can be obtained from the satellite clock correction parameters in the
navigation message.

- The ionospheric delay D™ and tropospheric delay ngo” can be obtained from the ionospheric delay correction
parameters in the satellite navigation message or related mathematical models. The GNSS receiver may have its

own mathematical model for processing, or other methods applied to process D™ or Dit;"p.

- DYfher refers to other delays, which can be corrected according to relevant mathematical models or other means.
Finally, the time offset between the local time of node A resolved from the signal of satellite i and the GNSS system time
can be obtained from the GNSS receiver. Thus, for node A, three pieces of data which is necessary for satellite common-
view detection are obtained: satellite system time, satellite number and time offset. Similarly, for node B, the
corresponding three data can also be obtained.

Node A and node B resolve the satellite system time, satellite number and time offset (calculated once per second) and
perform data processing (such as performing least squares linear fitting smoothing on 60 data per minute to eliminate
observation noise). The above information is then sent to the common-view monitoring module once a minute through
the terrestrial network. This module can exist independently out of node A and node B, or can be integrated in the node.
After receiving the message information sent by the two nodes, the common-view monitoring module will analyse the
satellite system time, satellite number and corresponding time offset information in the message, so that the time offset
information of node A and node B under the same satellite system time and the same satellite number will be further
processed (i.e., subtracted), to obtain the time offset value between the two nodes. Thus, the time offset and frequency
offset between the two nodes can be monitored.
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Appendix VII
The effect of multipath within the receiver signal processing

VII.1 Visible (LOS) satellite signals
Multipath signals accompany direct signals from visible satellites as shown in Figure V11.1. The peak timing position of
the correlator output is almost the same as that for the direct signal, so time synchronization accuracy is barely affected.
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—— Reflected signal
Sum of direct and

T reflected signals

\" Visible satellite Correlation
Direct signal |:>

Navigation
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0 Time del;y
* When superimposed in-phase
GSTR-GNSS(20)_FVIl.1

Figure VI1.1-Effect of multipath signals of visible (LOS) satellites
In the LOS case there are signal processing techniques to isolate the direct signal from the reflected signal.
VI.2 Non-visible (NLOS) satellite signals
Multipath signals from non-visible (NLOS) satellites are without accompanying the direct signal as shown in Figure

VI1.2. The peak timing position of correlator output is different from that of the direct signal due to propagation delay,
with a large effect on time synchronization accuracy.
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Figure VI11.2-Effect of multipath signals of non-visible (NLOS) satellites

VII.3 PRTC time error measurement methods in multipath environments

Figures VII1.3 and VII.4 show one way of testing time error performance in a non-ideal GNSS signal reception
environment. Such conditions are predominantly in urban canyon areas where buildings limit open sky visibility and
therefore, direct satellite signals are negatively affected by multipath signals generated by surrounding structures.

A 3D model of an urban environment may be built, and then a 3D ray-trace simulator used to calculate all the possible
paths from a GNSS satellite to the reception point. The ray-tracing model determines where the direct signal is obscured,
and where it is reflected or diffracted by buildings or other objects in the 3D structural model.

The ray tracing model is used as input to the GNSS simulator to enable it to generate both the direct and reflected or
diffracted signals. The simulator needs to generate multiple signal replicas per satellite to reproduce the direct and
multipath signals based on the calculated multipath profile. The process of generating multiple satellite signal replicas
can be, for example, implemented with an array of signal transmitters or software-defined radio.
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Figure VI1.3-Comparing time accuracy of a PRTC against a GNSS simulator
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Figure VI1.4-Comparing time accuracy of a PRTC and T-GM against a GNSS simulator

For testing PRTCs, the GNSS simulator needs to have a frequency reference of better stability than the PRTC itself. The
1PPS output of the simulator is phase locked to the incoming frequency reference and aligned to the 1s boundary of the
RF signal before impairment by the multipath model. The accuracy of the RF to 1PPS alignment should be defined by
the GNSS simulator manufacturer and the best practice would be to have the simulator periodically calibrated to keep
uncertainties at a minimum. The ToD associated with the 1PPS from the GNSS simulator is not required to do the time
error measurement. It is used to verify the PTP second.
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