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Ground-based GNSS receivers 



Probingthe ionospherewith GNSS*

*Global NavigationSatellite System

GNSS signalspass throughthe entire ionosphere

Global Navigation Satellite

System (GNSS) is the

standard generic term for

satellite navigation systems

that provide autonomous

geo-spatial positioning

with global coverage. This

term includes e.g. the GPS,

GLONASS, Galileo, Beidou
and other regional systems.



Code and Carrier phasemeasurementsequations

The ionosphere will introduce a delay of the modulation (the code measurement will be larger than in vacuum), and an 
advance of the carrier phase (the carrier phase measurement will be smaller than in vacuum).
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Linear Combination of GNSS Measurements

IONOSPHERE-FREE LINEAR COMBINATION

It removes the first order (up to 99.9%) ionospheric effect, which depends on the inverse square of the frequency

Positioning Assessmentof higherorder ionospheric effects

GEOMETRY-FREE COMBINATION

It cancels the geometric part of the measurement, leaving all the frequency-dependent effects (i.e., ionospheric 
refraction, instrumental delays, wind-up) besides multipath and measurement noise

Estimation of Total Electron Content (TEC)
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Ionospheric Scintillation 



Categoriesof scintillation

Interplanetary scintillation Inhomogeneities in the Solar Wind Fluctuations of the intensity of radio stars

Tropospheric scintillation Neutral turbulence Fluctuation of the optical ray paths (twinkling of stars)

Ionospheric scintillation Ionospheric irregularities Fluctuations of the amplitude and phase of the signal

*adapted from a slide by Jayachandran (UNB)

Phenomenon Cause Effect
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Ionospheric Scintillation 



Ionospheric Scintillation 

Ionospheric Irregularities 



Anomalies (i.e., ± gradients)  w.r.t. a background, smooth, ambient, ideal ionosphere

{ǘƻƭŜƴ ŦǊƻƳ LǾŀƴΩǎ 
lesson

Irregularities in a  nutshell



Irregularities* in a  nutshell

100 m 1 km 10 km

*from a GNSS perspective

100 km 1000 km

Small scale
όCǊŜǎƴŜƭΩǎ ǎŎŀƭŜύ

Medium scale Large scale

Credits: Yokoyama
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Growth/Decay of instabilities:

K-H and GDI at high-lat (very rare)
R-T at low-latitudes(verycommon)

Kelvin-HelmotzInstability

Rayleigh-Taylor InstabilitySmall-scales embedded in EPBs

«The» problem

«few hundredsof meters»



Irregularities* in a nutshell

100 m 1 km 10 km

*from a GNSS perspective
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Medium scale Large scale

Credits: NASA

Auroral ovalprecipitation
Polarcappatches
Auroral blobs
Storm-enhanceddensities

Equatorialplasma bubbles

Mostlystorm-time phenomena

Modulatedby storm-time 
phenomena(electrodyamics)

Boundariesand edgesof:

«A» problem



Irregularities* in a nuthsell

100 m 1 km 10 km

*from a GNSS perspective
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Small scale
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Credits: NASA

Large-scale ionospheric structures

Large-scale ionospheric structures

«No» problem



Irregularities in a nuthsell

Spectra of ionosphere irregularities and their intensity as 
function of wave number over spatial scale sizes covering 
from the electron gyro -radius to the radius of the Earth 
(Booker, 1956).



What causes phase and amplitude fluctuations in the GNSS signals?

Ionospheric irregularities

Scale size range: full ionospheric spectrum 
Affects: phase
Physical mechanism: phase mixing

Scale size rangeΥ ǳǇ ǘƻ CǊŜǎƴŜƭΩǎ ǎŎŀƭŜ
Affects: amplitude, phase
Physical mechanism: decorrelation, interference

Refraction
Diffraction



Diffractionoccurswhen

zvarieswith the GNSS geometry

‗ ρωὧάfor GPS L1

Scale size range: up to CǊŜǎƴŜƭΩǎ ǎŎŀƭŜ

Ὂ Ὂ

The first Fresnel zone is an elliptical region in free 
space which radio waves travel directly from 
transmission to reception without significant 
alterations

What causes phase and amplitude fluctuations in the GNSS signals?



zvarieswith the GNSS geometry

‗ ρωὧάfor GPS L1

Scale size range: up to CǊŜǎƴŜƭΩǎ ǎŎŀƭŜΧŦƻǊ [-band 
signals and GNSS observational geometry

L-band

HF

VHF

άώΧϐ ŦŜǿ ƘǳƴŘǊŜŘǎ ƻŦ ƳŜǘŜǊǎ ώΧϐέ



Ionospheric Scintillation 



- Amplitude scintillation, S4 index: 
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square-root of the normalized variance of signal 
intensity over a given interval of time. 

- Phasescintillation, Ɑꜚ (SigmaPhi) index:

„ ‰ ‰

standard deviation of detrendedphase 
measurements.

Disturbed 
Ionosphere

GNSS scintillation: how to measure
Ionospheric Scintillation Monitor Receivers
Features:
- High-sampling frequency (50/100 Hz) 
- Low-noise oscillators
- Stable clock
- Firmware providingscintillation indices(1-min resolution) 
- Output in (quasi) real-time 

RawAmplitude

1 minute S4



Scintillation indices
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Scintillation indices
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Loss of lock 

Reducedaccuracyof positioning



Concordia Station - Antarctica

September 2017 storm



https://esc.pithia.eu/

https://esc.pithia.eu/


eswua.ingv.it 



eswua.ingv.it 



eswua.ingv.it 



Impact on tracking 
Occurrence of scintillation is strongly linked with Loss of Lock probability

High latitude

Low latitude

Vadakke Veettil, S., & Aquino, M. (2021). GPS Solutions, 25(2), 1-12.



Impact on positioning 

Occurrence of scintillation decreases GNSS performance

Luo et al. (2018). Investigation of ionospheric scintillation effects on BDS

precisepoint positioning at low-latitude regions. GPSsolutions,22(3), 1-12.

Distribution of positioning errors in the East, 
North and Up directions 



What causes phase and amplitude fluctuations in the GNSS signals?

Ionospheric irregularities

Scale size range: full ionospheric spectrum 
Affects: phase
Physical mechanism: phase mixing
Effect: deterministic fluctuations
Mitigation: IFLC (1st ionospheric order)
Positioning issues: Cycle Slips, Losses and Lock, Phase Noise, 2nd order 
ionospheric effect (fraction of cm), etc.

Scale size rangeΥ ǳǇ ǘƻ CǊŜǎƴŜƭΩǎ ǎŎŀƭŜ
Affects: amplitude, phase
Physical mechanism: decorrelation, interference
Effect: stochastic fluctuations
Mitigation: e.g., Conker et al., Aquino et al., etc., de-weighting methods.
Positioning issues: stochastic nature is challenging, TEC cannot be calculated

Refraction
Diffraction



What is scintillation?
A deeper look

Amplitude scintillation:

1 mechanism: 
diffraction triggered by 
small-scale irregularities

Stochastic effect L
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g
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Log(n)

nFresnel
nNyquist

nFΥ CǊŜǎƴŜƭΩǎ CǊŜǉǳŜƴŎȅ
VREL: relative velocity ray-path-ionosphere
dF=sqrt(2*l*hIPP)

Ὓτθ ᷿ὖὛὈ Ὠ’

Stochastic effects are 
the most threating for 

GNSS positioning



tƘŀǎŜ άŦƭǳŎǘǳŀǘƛƻƴǎέΥ

2 mechanisms:  
-diffraction (small-scale irregularities)
-refraction (all scale range and scaling with 1/f) 

Stochasticand deterministic effects

What is scintillation? A deeper look
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nNyquist



tƘŀǎŜ άŦƭǳŎǘǳŀǘƛƻƴǎέΥ

2 mechanisms:  
-diffraction (small-scale irregularities)
-refraction (all scale range and scaling with 1/f) 

Stochasticand deterministic effects

What is scintillation? A deeper look
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PhaseAmplitude

ncutoff=nFresnel nNyquist

If cutoff frequencyisάǿǊƻƴƎέ(ususallyfixed
at 0.1 Hz), detrending is wrong, sF value
includes mainly phase fluctuations due to
refraction,i.e., mostlydeterministiceffects.
OverestimatedsF

0.1 Hz

Not suitable at 
high-latitudes



What is scintillation?

Scintillation on L1?

*adapted from a slide by Jayachandran (UNB)



What is scintillation?
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What is scintillation?

Scintillation on L1?

Scintillation on L2?

NO! Ionosphere-Free Linear Combination says NO!

*adapted from a slide by Jayachandran (UNB)



What is scintillation?

Scintillation on L1?

Scintillation on L2?

*adapted from a slide by Jayachandran (UNB)



What is scintillation?

Scintillation on L1?

Scintillation on L2?

YES! Ionosphere-CǊŜŜ [ƛƴŜŀǊ /ƻƳōƛƴŀǘƛƻƴ ŘƻŜǎƴΩǘ ŀŎŎƻǳƴǘ ŦƻǊ ŀƭƭ ŦƭǳŎǘǳŀǘƛƻƴǎ

*adapted from a slide by Jayachandran (UNB)



What is scintillation?

If properly detrended, SigmaPhihas almost the same 
information content of S4

Spogli et al. (2021).

IEEE Geoscienceand Remote Sensing Letters.
Ghobadiet al. (2020).

GPS SolutionsCourtesy of  Jayachandran (UNB)



Spogli et al. (2021).

IEEE Geoscienceand Remote Sensing Letters.

Cesaroni et al. (2021). 

Earth and PlanetaryPhysics

Thisisan issuefor high-latitude only, whereplasma convectionisway larger

0.1 Hz cutoff isnot that badat low latitudesΧ



Cutoff frequency depends (-- > sF) on plasma drift velocty

Spogli et al. (2021).

IEEE Geoscienceand Remote Sensing Letters.
Wanget al. (2018)

Journal of GeophysicalResearch: Space Physics



What can mimic scintillation?

Zhang et al., 2021, https://doi.org/10.1002/navi.417

https://doi.org/10.1002/navi.417


What can mimic scintillation?

Multipath (no elevation cutoff)



What can mimic scintillation?

How to mitigate?

Cutting the elevation angle (typically 30°)
Sidereal rejection (every day, 4 minutes time advance) elev



What can mimic scintillation?

Radio Frequency Interference Artificial RFI reported in 
Lampedusa (Sicily, Italy) island 

Mitigation is not trivial!Pica et al. (2023) IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing.



What can support the identification of the scale sizes?

- Rate of TEC index, ROTI

ὙὕὝ
Ў
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, e.g. 5 minutes
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ROTI can provide valuable information about phase fluctuations 
due to irregularities at about few to few tens km scale
It depends on the Nyquist frequency of ROT sampling, usually 
(2*30s)-1 

Cherniaket al., 2018

Cherniak et al, JGR, 2019

ROTIis not Scintillation!
But:
�‡ it is very useful (measures phase

fluctuations)
�‡ It can be (not easily) rescaledto (weak)

scintillation(Carranoet al., 2019)


