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MOTIVATION 1 : ACCURACY T
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HANDLING SYSTEMATIC ERROR

R=p+c6>—cSp+T+1

Observation Space Representation (differential positioning):

Py Ry =p3+cd5—cy+T+1

........ ARS = p3 —R3 = —c85 +¢c6,—T —1I

ALK, Y. 2) N\_/ Ry =pp+c65—cég+T+1

> R34+ AR® = p5 + c(85 — 84)
Principle of DGNSS Positioning
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DIFFERENTIAL GNSS METHOD (DGNSS/DGPS)

e Differential corrections:

_____ * range correctionisalump sum

] R an s of range error at the reference
......... receiver

/_I/J§ ,, T S * realtime transmission of range

- \@\_/ corrections
AlX,Y,Z) )
AP, * submeter accuracy (GIS)

P(X, Y, Z,)=?

AP,
AP,

[

Principle of DGNSS Positioning
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DIFFERENTIAL GNSS METHOD (DGNSS/DGPS)

X residuals [m]

. Accurate positioning 18
despite SA 5
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RANGING WITH CARRIER WAVES

Carrier waves = phase ranges

By
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RANGING WITH CARRIER WAVES

Carrier waves =2 phase ranges

Ranging accuracy: ~3 mm - could be
suitable for geodetic observations
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RANGING WITH CARRIER WAVES

Carrier waves = phase ranges

A (\_
—A+ NA
21

—e— -

Ranging accuracy: ~3 mm - suitable for
geodetic observations

Distance

Ambiguous observation: N is unknown

When N is resolved as integer - accurate
ranging from satellite > accurate positions
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RANGING WITH CARRIER WAVES

A
tpg(=% )=p+c55—c5R—N/1+T—1

where:
—A
2T
p=+(XS —@ + (V9 @2 + (Z° @2 geometrical distance

5° satellite clock bias N phase ambiguity (integer) T troposphere

A
LPRS <= L ) phase range (satellite-receiver range, observed)

5 receiver clock bias A wavelength I ionosphere

time dependent time independent known slowly changing

GNSS Under Attack 10/31



RELATIVE POSITIONING - DIFFERENCING

A
2]+ DO

Single differences (between stations):

S _ wS _wSs eliminates satellite clock
ALPAP B LpP Lpz‘l bias
reduces atmospheric
effects, orbit error

Double differences (between satellites):

> T SQ _ S Q eliminates receiver
p \iﬂ\_/ AAIPAP - ALIJAP v AlPAP clock bias
2 ‘{JJ.
3 LPZ!
¥,
¥, P(X, Y, Z)=? 1

AN, E = f(p,N)
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RELATIVE POSITIONING - DIFFERENCING

FIX N: 47° 28' 44.4655" E: 19° 03' 27.6866" He: 178.337 m R:179.0
Baseline - - [/Gnd Trk

&

2

W 231.294 m E .
N b &
\\ i/
4 i
Q ///
Y P
\\ ///
S o
“*i‘;—:sz-;f—’
Y: 157.8° P: -0.6° || 47.480943730° 19.056529756° 10 mm
‘ o Monitor (1) gpsmet.agt.bme.hu/BME10 (2) gpsmet.agt.bme.hu/BUTEQ (3) gpsmet.agt.bme.hu/BRDCO w7
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ANOTHER WAY OF HANDLING SYSTEMATIC

ERROR S
R=p+cd>—cop+T+1

State Space Representation (absolute positioning with
COI’I’eCtionS): model model model

1 11

x Rz =ps+c6°5—cbpg+T+1  SPP

WY =p3+c65—clg+AN+T—1
PPP

Distance

How to derive the models?

Principle of Absoluite Positioning
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ANOTHER WAY OF HANDLING SYSTEMATIC
ERROR PR

C PPP (\__ PPP-RTK ) RIK _)

@ Satellite clock
@ Satellite bias : .

Bias Bias
@ lonospheric corrections lon
® Tropospheric corrections Trop
@ Multipath ) Positioning accuracy
® Receiver bias
. :I' Convergence speed

=

)| Y .
= operating range (
T

Source Li, X., Huang, J., Li, X. et al. Review of PPP-RTK: achievements, challenges, and
opportunities. Satell Navig 3, 28 (2022). https://doi.org/10.1186/s43020-022-00089-9
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ANOTHER WAY OF HANDLING SYSTEMATIC
ERROR

PPP  N: 47° 28' 44.5299" E: 19° 03' 27.7250" He: 177.304 m
Baseline - - ||Gnd Trk
&
e}
//,:i r:;\\\\\
/// \\\
4 \\
a Ry
i/ W
7 4
f W
fi il car
w 0.000 m E e
it Il . B
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\ J
\ /
Y 7
g %
\\-b\. /4//
\::‘S::;/
Y: 0.0 P: 0.0° | 47.480943730° 19.056529756° 20:cm
© Monitor (1) gpsmet.agt.bme.hu/BME10 (2) gpsmet.agt.bme.hu/SSRIO (3) gpsmet.agt.bme.hu/BRDCO

How to derive the models?
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GNSS INFRASTRUCTURE
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MOTIVATION 2 : RELIABILITY

b— %10 %10
o s 6]
o S S L L
= 4
£ IS
S 2. o2
PRN 22 4009 o 4000
%000 3.0 " f, 000 "
fd ~4000 0 2 T x10° d ~4000 0 v T x10°
7
x10 (a) Legitimate signal, Ho (b) Legitimate and spoofing signal, H1
4o
o 35 - Borhani-Darian, P, Li, H., Wu, P. et al. Detecting GNSS spoofing
§ . using deep learning. EURASIP J. Adv. Signal Process. 2024, 14
£ S~ o, (2024). httpsy//doi.org/10.1186/513634-023-01103-1
g 25
a 2.
2
24
ERER o . e
Which signal is used?

o
n

What will be the delay
(and the pseudorange)?

x 10

How does it affect timing?

05 Kad csuszas [bit]

£.506

6.504
6.502

Frekvencia [MHz] ~ ©.4%8 .
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MOTIVATION 2 : RELIABILITY

Example: wrong satellite clock model

Unbiased clock model i SV15100ns (30m) @ 14:00

T
%
4 &,
%,
ok,
T T e
i
S
-] @ ::
N
A
j’.’
 PTEIY
*1},.‘_-. _'!..-..
am
a4 -4 44 -40 0
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MOTIVATION 2 : RELIABILITY

Example: wrong satellite clock model

Unbiased clock model SV15100ns (30m) @ 14:00

-3 2 -1 0 1 2 3 4 5 6 7 8
3 i 24 0 1 2 3 4 5 6 7 8

50 cm T 50 cm
—

T -8 7 -6 5 4 -3 2 .41 0 1 2 3 4 5 6 7 8 ] +9 -8 -7 -6 -5 -4 -3 A | 0 1 2 3 4 5 6 7 8 9 1

With DGPS corrections (GRAZ - PENC)
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MOTIVATION 2 : RELIABILITY

Example: wrong satellite clock model SV15100ns (30m) @ 14:00
Residual receiver clock error [m] Residual receiver clock error [m]
100 150
50 100
50
0
0:00 2:00 4:00 6:00 8:00 10:00 12:00 {4:00}16§00 18:00 20:00 22:00 0:00 0
50 _500:00 2:00 4:.00 6:00 8:00 10:00 ! 1 0:00 22:00 0:00
-100 100
-150
-150
-200
-200 -250
Without differential correction With differential correction

Timing application
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MOTIVATION 2 : RELIABILITY

Safety-of-Life applications

-
‘ Lricas
- r JAPAN CIVIL AVIATION BUREAU
Communication satellite
2 e e
s

- Improved accuracy (error

(
b0 | model)
S - - improved reliability
? ' (residual error model,
e malfunction detection and
:ﬂ::::aﬁun:  Wide area reference station| ;ﬁg alertin g )

FRTCHAE
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GNSS CORRECTION SERVICES

Improved positioning accuracy (cm -dm —m)
Different techniques (RTK/ DGNSS / PPP)
Service area (local / regional / global)

Integrity information (error detection, alerting)

SBAS vs GBAS
Media: radio signal vs Internet
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TYPICAL STRUCTURE

GNSS | aNss
Station 1 . v User T
o O
GNSS o =] o | GNss
Station 2 o) C o o) User 2
® < O ®
o ~ 2 o

nll =S e 0
ot 2 0 ot -
40 E :
Z <— 1 >
GNSS | GNss
Station n User m

NTRIP Sources NTRIP Streams NTRIP Clients
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EXAMPLE — STANDALONE CORRECTION SERVICE

7.7 ON EPN station
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EXAMPLE — STANDALONE CORRECTION SERVICE

Data streams o
‘Dutgeing data streams Incoming data streams R — . K Hyres KTyl Client - -
Real tima  Type / messags Datarate  Lastsent Connection: port Mevutpoiar 14 Host Sousee Agat Tie of ¢ i © Clicaes read wezirtn coansericas ou fou
. ) Mirip sarver fssrca) 2101 WTRI 6 days, 7 hiowrs, 3 minutes ard 13
© BTG 33 GNSS MSMT and ptemedis tsee  07s " ML 52065198 — 825 152665165 0 P g2, 7 howrs, 3 e e 13
i BMILL 6 LSS5 Ll aning GEDG LSLEGEINS 0 19736635 0 0 o
Msip server [seurce): 2101 . P
©  RICM3xGPIGLO edenved ard ephemens Tees  DES gzonn JBUTL2 30008 15266649 NTRIP Leica Viva I3l R6URIS 05 1266649 U M0625ET 0 0 = dj:: m‘f""“"" 1 s wad
i i 210 -
©  BICH 3xGNESWSMS ond epnemeds [EST S E -
{zzomz; DGNSS 0109 15266648 NTRIP Lesen Viva IRl OURISS 1STA664 b 13616 23 1 : , 14 minaes and
®  ATCH 3 GHSS WSMS ond apiemens 1580 0235 TGRAP ssrver: 5068
. 22 davs, | L LG o
" S S - B :q?t;g;g;\uar {source): 2101 AWCTET W T ISTARAAS  NTRIF Lesen Vivn TR RIS SLARAAY D AT 0 0 W t"__}_mlf ionrs, 1G minaies and
Misip ser - . e T ——— - - 22 dayz, L6 bones, 18 minaees and
©  ATCH 3.4 GNSS MSMT end epremeris 1 g8 D3 s e 15LARAIY  NTRIF Leien Viva TR AR D519 15LARAAY 1 TRMMI 15 e
@ CM 35 GREGAG B 02 MEp server Iszurced. 2101 TEMIE . : NTRIP S TR ] . 4 1607 T dnys, 10 hovrs, M mioutes snd 33
BICK 32 GPSGLL extenced ard ephemens FEC 5 (220N SBMETD A1296 152.6R5.195 NiripSeeved 081301 51 Db 260 106 1526RSIVS 2 131RITS 1 s
e o N Misip sererr (seareey 2901 -
¢ ETCH3xGHes VSMS and optemeis e 0185 zzong 19762 NTRID Leica Viva 3UTan 2026 19058 R4 19TE2 2 BSR4 |230894 A
= . - T e - . . 4 el 1 honsrs, 36 minntes and 41
LB?  Data Massage Data rate: Cannaction: port 19762 WTRIP Leica Viva 31T 26 100458 841 9TEZ a0 7 e
L] tdaas.Data Sot.Oata Mazsage E 1583 TCRIF sarver: G0GT "h e, 1 b it mi 1
NTRID Leica Viva 31 Tan 20261904 53 3219762 0 0004 20 “0‘:“ T A e a0
NMEA. Message Connection: port -
Mo flem corflgured AUBASED 31767 5LOS0190 prrn o s 310 2020:19.05. 17 15L0E01%0 0 Tsse 22 1 soronis
Bl T awea B pan By BINEX Message Connection: part JBRDCO 31773 157.90.249 49 NTRIP Castes0.21 (roley) 310an/2020:19:07 07 83206 0 0 ““J“ijm““"“ Hmwinules ard 32
Mo ilem configured seanes
. - . . A ) T —
- . GSSRIL 316 L5T.O0.349 49 NTRIP Castes 2021 irelay) 3100an/2006: 19:07-07 136616 U i o dus, O, 34 ol sl 32
b M e L3 sarands
L uto 5, 0 5, 34 i i 32
5 e [o SR TISTH0349 44 NTRIP Casler 2020 (ralayy 310an3006 190707 1579034943 0 208984 O i ff::lj hours, 34 itos aid 3
- e van evime e eamem i e i i 4 e a e oo s 2 davs, § hours, 22 miovtes and 4

ZZ0ON NTRIP Source NTRIP Broadcaster
@ BME DGS
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EXAMPLE — STANDALONE CORRECTION SERVICE

it Serial Port Debug 4.0(20140103) DecoderGNSS  03.03.20140102.20140103 - (m} X
Momipeini 1 Tles Sounce Agent Tie elvommst 1D cugmz?g"” me ‘t::‘:m‘ [E— Type Ntrip Client ~ ZZOND| j |ZD |4? |'|'|4.42= T GGA List Stream
DMELL 6 LiessdEs T o 3t P00 19TSEI U u 1 ays. Tz 3 minszs and |2 P | 152 .66 . 5 152 [SSAIN
L e N L i 6 i BUTEOD 33,3030.06000,N,11425.68000,E,1,09,1.0,0.00,M,0.0,M,0,778
AUTEZ 30108 1328558 WIRID Leics Vivw 1sERENS 0 I o u PORT [2101 BUTE1
GHEE SULS LE28550  WTRID Leics Viva 5 15ZEREAS 0 1MEISE 3 1 : Close Port
HUTEL 30010 L3165.878  NTRI Leica Viva 2504 ISTERAAS 0 &S 0 i ff“:l{:‘f“’"" e and ZZON1
DUTED 30112 LF2655.8  NTRID Leivs Viva ROELS 1SZEREAS L IWEIE 3MOCET 1S 33 cae. e 15 i ﬁg?: " HexCmd |checksum L]I‘ Hex ¥ Text
MELG SLee L2 sssdas T 1106 1SZERSIST I SWTITL3LET  daye |0 b M0 i and 32 lear PKS21
SIT3E119752 WIRID Leic: Viva S s0eTE I SN LNEM O 1 days. f hevsv, 36 minuses and 1| PKS22
26 minzzs and 1 — Save | DGNSS
SITETE119752 WIRID Leic: Viva L T ? - i ! Break UBASE?
BIT€5E109752 WIRID Leic Viva o TS s u s, 36 minuses and 11 G22 24733405.622 129974917.875 1802240 40.1 -475.611 24733404.488 101279151.520 148
_ - - | ™ Auto Send G27 24071229.170 126495284.795 20447232 41.9 3823.470 24071230.467 98567826.973 20
PR ATRL I el s s B - ' |1 000 ms G28 25837445.977 135776702.931 120832 34.5-2898.602 25837446.274 105800026.038 9
DRDCU 31775 LEF90200 NIRID Cosles 021 Exlayy JLDm2006:190707 1STM02M600 0 513205 o i 1 days. fhowos, 14 minues and 32 = G32 21886615.509 115014963.663 8257536 52.8 726.733 21886615.523 89622062.193 82!
o o . o . ) 1y, € o, M minses and 32 I” Display Error RTCM3 1087 0100 03 82029.000 SateliteNum=08 SignaNum=03 GLO[L1C L2C L2P] contain obse
S ST LTSRN NI G 2 02 TlEmasae sy ' RO4 22019343.831 117912656.116 13369344 44.1 3754.909 22019343.850 91709861.327 12

[ Data Parsi
1 dags, s M i and 32 A TAST po5 19348267.658 103427660.722 9437184 54.6 443.260 19348268.506 B0443771.547 94

i i 31777 LET 902900 NTRIP Cosiee2 021 felayy 3 5 205361 U "

B i o e S5 miand 1 I Enter/Newline R06 20782585.661 110899941.582 4718592 51.5 -3454.047 20782586.122 86255544.788 47

""" e ) T e R11 24235188.615 129505441.025 10485760 36.7 3333.992 24235191.850 100726447.018 11 |
ZhText R12 23473127.423 125389241.221 4587520 41.8 728.894 23473130.017 97524967.433 41:

NTRIP Broadcaster ﬂ ﬂ NTRIP Client
@ BME DGS pseudoranges phase ranges

FORMAT: presentation tomorrow
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STANDALONE CORRECTION SERVICE

Limitation of standalone correction services:

>

Precipitation radar

Unmodelled error

030
0.28
0.26
024
022
0.20
0.18
0.16
014
012
0.10
0.08
0.06
0.04
H L  —— — 0.02
16 177 18" 19° 200 21" 22 23 o4 o5 26 27 0.00

Error on the phase distances

o B

|
!
|
|
I
|
|
&

Ref. station Rover receiver Location

Zenith Tropospheric Delay
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NETWORKED CORRECTION SERVICES

v
S GNSS GNSS
= Station 1 0 0 User1
= Q | = O
20 Pl S
S : GNSS S _E;,g e GNSS
% | Unmodelled error Station 2 o é‘ 91 User 2
=) [0 e ©
S I IR - — - g ~x @ o
< I 1* o [FE &N o °
Q | I (ol E a‘ o o
L | | 1 o o 7} = o o
b | ' E [zl B
o | I =z Z
- I 51 'y GNSS GNSS
o ! _5 I8 ' Station n User m
b I g til 18 I
,_9._ : §¢ : g : NTRIP Sources NTRP Streams NTRIP Clients
W I '§‘| |t 1
& 40 O =
Ref. statuion 1 Ref. station2 ~ Location
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COMPARISON OF POSITIONING TECHNIQUES

2022/01/00 16:57:53.0 GaST T e oL

2022/01/09 19:57:53.0 GPST | I

over SYS * v ||'GndTrk o || = Lat/Londt

Salution: SINGLE [ — PGPS .
N: 47°28' 445075" N: 47°28' 444776" §
E 19°03' 27.7724" £ . @ & I H P

net/BCEPOOGKG0

Exit W Stop & Mark... @D Plot £ O Exit
RTKNAV] ver.demo5 b34e (4)
[ | mE-m-m0000 o L | 2022/01/09 19:57:53.0 GPST I a0 o | L
¥ i3 LatfLon/Heigh * || Rover SYS * * ||.Gnd Trk L7 <
— ]
520N o
Solution: FFF W @ A
N: 47° 28' 44.4873" @
E 19°03 27.8256" | @® d . @
168.199m | J .
@
T @

o -
¥ P nOP: 2 47.4
i O Monitor ) 2) e {3} euref-p. LREF s
Exit W Stop @ Mark... @ Plot
-
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TAKE-AWAY MESSAGES

« Differential corrections are useful for error
mitigation and detection but not a universal
solution

« Various positioning technigues — various
accuracies

« Differential correction services — critical national
Infrastructure: accuracy - integrity
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