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MOTIVATION 1 : ACCURACY
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GPS SPP under Selective Availability
(PENC, April 30, 2000)
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HANDLING SYSTEMATIC ERROR
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Principle of DGNSS Positioning

𝑅 = 𝜌 + 𝑐𝛿𝑆 − 𝑐𝛿𝑅 + 𝑇 + 𝐼

Observation Space Representation (differential positioning):

𝑅𝐴
𝑆 = 𝜌𝐴

𝑆 + 𝑐𝛿𝑆 − 𝑐𝛿𝐴 + 𝑇 + 𝐼

Δ𝑅𝑆 = 𝜌𝐴
𝑆 − 𝑅𝐴

𝑆 = −𝑐𝛿𝑆 + 𝑐𝛿𝐴 − 𝑇 − 𝐼

𝑅𝐵
𝑆 = 𝜌𝐵

𝑆 + 𝑐𝛿𝑆 − 𝑐𝛿𝐵 + 𝑇 + 𝐼

𝑅𝐵
𝑆 + Δ𝑅𝑆 = 𝜌𝐵

𝑆 + 𝑐 𝛿𝐵 − 𝛿𝐴



DIFFERENTIAL GNSS METHOD (DGNSS/DGPS)
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Differential corrections:
• range correction is a lump sum 

of range error at the reference 
receiver

• realtime transmission of range 
corrections

• submeter accuracy (GIS)

Principle of DGNSS Positioning



DIFFERENTIAL GNSS METHOD (DGNSS/DGPS)
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DGPS under Selective Availability
(GRAZ -> PENC, April 30, 2000)
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RANGING WITH CARRIER WAVES
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Carrier waves → phase ranges



RANGING WITH CARRIER WAVES
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Carrier waves → phase ranges

𝜟𝝋

𝟐𝝅
𝝀

Ranging accuracy: ~3 mm → could be 
suitable for geodetic observations



RANGING WITH CARRIER WAVES
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Carrier waves → phase ranges

𝜟𝝋

𝟐𝝅
𝝀 + 𝑵𝝀

Ranging accuracy: ~3 mm → suitable for 
geodetic observations

Ambiguous observation: N is unknown

When N is resolved as integer → accurate 
ranging from satellite → accurate positions



RANGING WITH CARRIER WAVES
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Ψ𝑅
𝑆 =

Δ𝜑

2𝜋
𝜆 = 𝜌 + 𝑐𝛿𝑆 − 𝑐𝛿𝑅 − 𝑁𝜆 + 𝑇 − 𝐼

where:

Ψ𝑅
𝑆 =

Δ𝜑

2𝜋
𝜆

𝜌 = 𝑋𝑆 − 𝑋𝑅
2 + 𝑌𝑆 − 𝑌𝑅

2 + 𝑍𝑆 − 𝑍𝑅
2

𝛿𝑆

𝛿𝑅

𝑁

𝜆

𝑇

𝐼

phase range (satellite-receiver range, observed)

geometrical distance

satellite clock bias

receiver clock bias

phase ambiguity (integer)

wavelength

troposphere

ionosphere

time dependent time independent known slowly changing



RELATIVE POSITIONING - DIFFERENCING
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Ψ𝑅
𝑆 =

Δ𝜑

2𝜋
= 𝜌 + 𝑐𝛿𝑆 − 𝑐𝛿𝑅 − 𝑁𝜆 + 𝑇 − 𝐼

Single differences (between stations):

ΔΨ𝐴𝑃
𝑆 = Ψ𝑃

𝑆 −Ψ𝐴
𝑆

Double differences (between satellites):

ΔΔΨ𝐴𝑃
𝑆𝑄

= ΔΨ𝐴𝑃
𝑆 − ΔΨ𝐴𝑃

𝑄 eliminates receiver 
clock bias

ΔΔΨ𝐴𝑃
𝑆𝑄

= 𝑓 𝜌,𝑁

eliminates satellite clock 
bias
reduces atmospheric 
effects, orbit error



RELATIVE POSITIONING - DIFFERENCING
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ANOTHER WAY OF HANDLING SYSTEMATIC 
ERROR
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Principle of Absoluite Positioning

𝑅 = 𝜌 + 𝑐𝛿𝑆 − 𝑐𝛿𝑅 + 𝑇 + 𝐼

State Space Representation (absolute positioning with 
corrections):

𝑅𝐵
𝑆 = 𝜌𝐵

𝑆 + 𝑐𝛿𝑆 − 𝑐𝛿𝐵 + 𝑇 + 𝐼

model model model

How to derive the models?

Ψ𝐵
𝑆 = 𝜌𝐵

𝑆 + 𝑐𝛿𝑆 − 𝑐𝛿𝐵 + 𝜆𝑁 + 𝑇 − 𝐼

SPP

PPP



ANOTHER WAY OF HANDLING SYSTEMATIC 
ERROR
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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



ANOTHER WAY OF HANDLING SYSTEMATIC 
ERROR

GNSS Under Attack 15/31

How to derive the models?



GNSS INFRASTRUCTURE
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National → Continental → Global



MOTIVATION 2 : RELIABILITY
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Which signal is used? 
What will be the delay 
(and the pseudorange)? 
How does it affect timing?

Borhani-Darian, P., Li, H., Wu, P. et al. Detecting GNSS spoofing 
using deep learning. EURASIP J. Adv. Signal Process. 2024, 14 
(2024). https://doi.org/10.1186/s13634-023-01103-1



MOTIVATION 2 : RELIABILITY
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Example: wrong satellite clock model

SV15 100ns (30m) @ 14:00 Unbiased clock model



MOTIVATION 2 : RELIABILITY
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Example: wrong satellite clock model

Unbiased clock model SV15 100ns (30m) @ 14:00 

With DGPS corrections (GRAZ → PENC)



MOTIVATION 2 : RELIABILITY
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Example: wrong satellite clock model SV15 100ns (30m) @ 14:00 

Timing application
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MOTIVATION 2 : RELIABILITY
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Safety-of-Life applications

- improved accuracy (error 
model)

- improved reliability 
(residual error model, 
malfunction detection and 
alerting)



GNSS CORRECTION SERVICES
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• 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



TYPICAL STRUCTURE
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EXAMPLE – STANDALONE CORRECTION SERVICE
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BME1 EPN station

BUTE EPN station

ZZON EPN station



EXAMPLE – STANDALONE CORRECTION SERVICE

GNSS Under Attack 25/31

ZZON NTRIP Source NTRIP Broadcaster
@ BME DGS



EXAMPLE – STANDALONE CORRECTION SERVICE
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NTRIP Broadcaster
@ BME DGS

NTRIP Client
pseudoranges phase ranges

FORMAT: presentation tomorrow



STANDALONE CORRECTION SERVICE
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Limitation  of standalone correction services:

Precipitation radar

Zenith  Tropospheric Delay



NETWORKED CORRECTION SERVICES
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COMPARISON OF POSITIONING TECHNIQUES
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TAKE-AWAY MESSAGES

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

• Various positioning techniques – various 
accuracies

• Differential correction services – critical national 
infrastructure: accuracy - integrity

GNSS Under Attack 30/31
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