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Tutorial Outline

1. Background
2. Ionospheric Observations
3. Mitigation Techniques
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Some materials are from 
Ch. 31 Ionospheric Effects, Monitoring, and Mitigation in 
Position, Navigation, and Timing Technologies in the 21st Century, 
edt. Y. Morton, F. van Diggelen, J. Spilker, and B. Parkinson, 
Wiley-IEEE Press, 2020.
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Diffractive Effects: Scintillation
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2. Scintillation:
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Scintillation Effects
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Myer, G. and Y. Morton, “Ionosphere scintillation effects on GPS measurements, a new carrier-smoothing technique, 
and positioning algorithms to improve accuracy,” Proc. of ION ITM, Reston, VA, Jan. 2018.

Availability and Accuracy
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PVT Solution Availability Issue
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Figure 6. Relative Mean Difference Rejection (RMDR) as a 
function of average Kp values on the corresponding storm day 
used to compute the RMDR.  Each RMDR value is computed 
using data from two days: a storm day and a nearby quiet day to 
minimize the dependency on receiver design variations.  
Stations listed in Table 1 are organized into two groups: the high 
latitude group includes stations located above 55o latitude and 
sub-high latitude group includes the remaining stations.  Table 4 
summarizes the number of stations used in RMDR calculation. 

 
3.3 Number of rejected station position estimation 

residuals. 
 

As was discussed at the end of Section 2, the station 
position estimation residuals are the differences between a 
sequence of individual data points and their average bias 
estimation.  Data points with large residuals are rejected 
by the precise position calculation algorithm.  The 
number of rejected residuals was also founded to be 
dependent on Kp index values.  Again, the stations were 
divided into the high latitude and sub-high latitude groups.  
Average numbers of rejected estimation residuals are 
computed for each group for each day listed in Table 4.  
The results are plotted against their corresponding 
average daily Kp index values in Figure 7. 

Figure 7 shows that there are three distinctive modes 
of responses from the two groups of GPS stations.  Under 
quiet solar conditions where the average Kp value is 
below 3, the high latitude and sub-high latitude groups 
behave similarly in terms of the number of rejected 
residuals, with averages below 30 rejected residuals for 
both groups.  When there are moderate solar activities, the 
high latitude group will reject about twice as many 
residuals as that of the sub-high latitude group.  During 
strong solar storms, the high latitude group will reject an 
average of over 100 residuals, several times more than the 
average sub-high latitude group value (~25).   

This result demonstrates that the number of rejected 
residuals is an excellent indicator of solar activity at high 
latitudes.  The number of rejected residuals could be 
utilized to quantify local geomagnetic field disturbances 
and enable networks of GPS receivers to function as 
monitors of solar activity.  The results also imply that 

during a solar storm, GPS receivers designed for precise 
positioning services may have problems resolving their 
carrier phase bias because of the large number of rejected 
residuals, and therefore, will not be able to provide 
precise position solutions. 

 

 
Figure 7.  Average number of daily rejected residuals verses 
average daily Kp index values for both solar storm days and the 
nearby quiet days.  The rejected residuals are computed for the 
high latitude group (latitude > 55o) and sub-high latitude group. 
The results show there are three distinctive modes of responses.  
On very quiet days (Kp<3), the two groups average number of 
rejected residuals are similar.  On days with moderate solar 
activities (Kp index value between 3 and 5.5), the high latitude 
group rejects nearly twice as many residuals as that of the sub-
high latitude group.  On active solar storm days, the high 
latitude group stations rejects 3~5 times more residuals than the 
sub-high latitude group.  This effect could have a great impact 
on GPS applications requiring high precision. 
 
4. DISCUSSIONS AND CONCLUSIONS 
 

Solar storms are having an increasing impact on our 
daily lives because of our reliance on modern electronics 
and technology.  Because of the potential vulnerability of 
modern electronics, being able to understand the impact 
of solar storms is an important first step towards 
developing techniques to protect electronic systems on 
Earth and in space.  NASA has launched several solar 
explorers and is continuing to have new missions to 
monitor and study the Sun and its effect on the Earth [22].  
It is exciting to imagine that we can contribute to such 
efforts by simply downloading GPS receiver data from 
GPS stations located in high latitude areas and creating 
software that generates indicators to monitor solar storms.  
The amount of savings will be huge.   Compared to space 
missions, ground-based GPS receivers are inexpensive 
and have very little risk involved. 

This project demonstrates that this is possible.  GPS 
receivers have already been widely used by scientists and 
engineers for navigation and scientific studies of the 
atmosphere.  Most previous research have used networks 
of GPS receivers to map the number of electrons in the 
atmosphere or to remotely sense water vapor in the air by 
manipulating various measurement quantities generated 
by the receivers [22].  In this project, quantities that are 
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Morton, R.J., 
“Investigation of the 
impact of solar storms 
on the global 
positioning system 
receivers at high 
latitudes,” ION ITM,
2014.
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Accuracy Issue: March 17-18, 2015 St. Patrick’s Day storm 
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Yang, Z., Y. Morton, “Kinematic PPP 
errors associated with ionospheric plasma 
irregularities during the 2015 St. Patrick’s 
day storm,” Proc. ION GNSS+, 2019.
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High Latitude Scintillation Example
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High Latitude 
Scintillation:
Mostly due to 
Refraction 
(TEC Variations)
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Low Latitude 
Scintillation 
Example
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Peru 
3/11/2013 
13:30UTC
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Equatorial Plasma Bubbles
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Yokoyama Progress in Earth and Planetary Science  (2017) 4:37 Page 9 of 13

Fig. 7 3D view of HIRB model results. Reproduced from Yokoyama et al. (2014)

Fig. 8 East–west asymmetry of EPBs simulated using the HIRB model. Reproduced from Yokoyama et al. (2015)

Yokoyama, T., 
“Hemisphere-coupled 
modeling of nighttime 
medium-scale traveling 
ionospheric disturbances,” 
Adv. Space Res., 54(3): 
481–488, 2014. 
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Scintillation Signal Model
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𝑠! = 𝛼!𝐷 𝑘Δ𝑡 − 𝜏! 𝐶 𝑘Δ𝑡 − 𝜏! 𝑒"#!

𝑠!,# = 𝑠#𝛿$,#𝑒%&!,# + 𝜀#

𝑠$,! = 𝛼!𝛿&,!𝑒"#",! + 𝜀!

𝜙$,! = 𝜙! + 𝛿#,!: the composite carrier phase of the scintillation signal

Undisturbed signal model: 

Scintillation signal model: 

Ignore code and nav data disturbance: 
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Scintillation Indices
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𝜎# = 𝑠𝑡𝑑 𝑑𝑒𝑡𝑟𝑒𝑛𝑑 𝜙$,!
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Phase scintillation index: 

Amplitude scintillation index: 

Signal intensity (power): 
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Narrowband power: 

Wideband power: 

M: number of correlation blocks over a selected period
Typical setting: TI =1ms à M=20; TI =10ms à M=2
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Must Detrend Before Applying Scintillation Index Calculation
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Scintillation effect is masked by other effects: detrending removes these effects
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Dynamics
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Another Indicator: Decorrelation Time
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Rate of TEC Index: ROTI
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𝑅𝑂𝑇𝐼 𝛿𝑡 = 𝐸
𝑇𝐸𝐶 𝑡 + 𝛿𝑡 − 𝑇𝐸𝐶 𝑡 (

𝛿𝑡(

• TEC must be first detrended to ensure that the TEC time series is zero-mean
• can be computed using low-rate TEC measurements
• Typical sample interval 𝛿𝑡=1 or 30s
• Typical averaging window 𝛿𝑡)= 1 to 5 min
• ROTI and S4 are highly correlated if the signal propagation direction is near 

parallel with magnetic field lines.

Carrano, C. S., Groves, K. M., & Rino, C. L. (2019). On the relationship between the rate of change of total electron content 
index (ROTI), irregularity strength (CkL), and the scintillation index (S4). J. Geophy. Res.: Space Phy., 124(3), 2099-2112.
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2. Scintillation Observations
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Simultaneous Amplitude Fading and Phase Jumps
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L1
L2L5
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Frequency Diversity: Selective Fading

2021 ION GNSS+ 18



University of Colorado
Boulder

Equatorial Fading Frequencies
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Jiao, Y., D. Xu, Y. Morton, and C. Rino, 
“Equatorial scintillation amplitude fading 
characteristics across the GPS frequency bands,” 
Navigation, 63(3): 267–281, 2016.
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Fading Duration, Interval, Depth, and Rate of Occurrence
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Jiao, Y., D. Xu, Y. Morton, C. Rino, “Equatorial scintillation amplitude fading characteristics across the GPS frequency bands,” Navigation, 63(3): 267–281, 2016.
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Carrier Frequency Dependence
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Jiao, Y., D. Xu, Y. Morton, 
C. Rino, “Equatorial 
scintillation amplitude 
fading characteristics 
across the GPS frequency 
bands,” Navigation, 63(3): 
267–281, 2016.
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Nav Bit Error Rate
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10 

24 0.85 0.73 373 7.3 744 14.6 

29 0.98 0.65 228 3.88 494 8.40 

31 0.35 0.89 141 6.71 320 15.2 

3/9 

6 1.31 0.56 75 0.95 118 1.50 

29 0.41 0.78 85 3.46 162 6.59 

31 0.53 0.45 3 0.09 7 0.22 

3/10 

6 1.74 0.57 223 2.14 429 4.11 

14 0.93 0.53 17 0.30 36 0.65 

24 1.04 0.53 184 2.95 233 3.73 

29 1.14 0.54 189 2.76 529 7.73 

Sum  13.81  1900  3720 4.49 

 229 

The following statistical results can be derived from Table 1: 230 

(1) BDE occurrence frequency dependence on average ܵସ value and fading occurrence frequency.  231 

A total of 3720 bits of BDE occurred during 13.8 hours of the scintillation periods, resulting in an average 232 

frequency of occurrence of around 4.5 bits per minute.  Fig. 4 plots the number of fades per minute and 233 

average ܵସ values listed in Table 1 and clearly showed direct nearly linear correlations between BDE 234 

frequency of occurrence with the average S4 values and the average number of fades. 235 

 236 

 237 
Fig. 4 Relationships between the BDE frequency of occurrence and the average ܵସ results (left panel) and the 238 

number of fades per minute (right panel) derived from the processing results of 14 hours of scintillation data. 239 

 240 

(2) Percentage of BDE occurrences w.r.t ܵସ levels.  To examine the correlation between occurrence 241 

of BDE and amplitude scintillation levels in a finer temporal scale, the ܵସ estimations (obtained every 242 
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Xu, D., Y. Morton, “GPS navigation data bit 
decoding error during strong equatorial 
scintillation,” GPS Solu., 22: 110, 
https://doi.org/10.1007/s10291-018-0775-1, 
2018.

https://doi.org/10.1007/s10291-018-0775-1
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Time of Occurrence
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Seasonal Behavior

2021 ION GNSS+ 24

Galmiche, A., Vincent, F., Laurent, F., 
“Temporal and Geographical overview of the 
ionospheric amplitude scintillating variability 
in west Africa from a SAGAIE network GNSS 
database,” J. Space Weather & Space Climate, 
2019.
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Geomagnetic 
Storm Impact
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High latitude

Low latitude

Jiao, Y. and Y.T. Morton, “Comparison of the effect of 
high-latitude and equatorial ionospheric scintillation on 
GPS signals during the maximum of solar cycle 24,” 
Radio Sci., 50(9): 886–903, 2015.
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Phase Scintillation Index Dependence on Magnetic Field Disturbance
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Jiao, Y., Y.T. Morton, 
“Comparison of the effect of 
high-latitude and equatorial 
ionospheric scintillation on GPS 
signals during the maximum of 
solar cycle 24,” Radio Sci., 
50(9): 886–903, 2015.
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Propagation in Space
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Yang, Z., Y. Morton, I. Zakharenkova, I. Cherniak, S. Song, W. Li, “Global view of ionospheric disturbances impacts on kinematic 
GPS positioning solutions during the 2015 St. Patrick’s Day storm,” J. Geophy. Res., Space Sci., DOI: 10.1029/2019JA027681, 2020.
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Ground- and Space-based Observations
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CubeSat GNSS Radio Occultation Ionosphere Monitoring
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Coherent Reflection Tracks Over Arctic and Antarctica

3/2/2022 30

SNR 
(V/V)

Arctic Antarctic

Spire CubeSats Specular Point Tracks over one day (2021-05-12)
42% over sea ice.  
75% over 1st year ice
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Example TEC Retrieval from Spire Data: Kara Sea
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IPP 2

IPP 1

S
P

2/2/2019, 06:24:16 UTC
Spire CubeSat: FM090
GPS: PRN 12

Siberia

Kara Sea

Wang, Y., Y. J. Morton, “Ionospheric total electron content and disturbance observations from space borne coherent GNSS-
R measurements,” IEEE Trans. Geosci. Remote Sensing, doi: 10.1109/TGRS.2021.3093328, 2021.
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4. Mitigation Techniques
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Why GNSS Receiver Lose Lock During Strong Scintillation?
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Conflicting Demands for Weak Signal & Dynamic Signal 
For Strong Scintillation
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A More Intuitive Way to Understand 
Why GNSS Receivers Lose Lock 
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Q: Where Do We Get the “Raw” Data?
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• Improve GNSS Receivers
• Ionosphere and space weather 

monitoring
• Machine learning
• Cycle slip detection/mitigation
• SV oscillator anomaly detection
• Multipath characterization
• Interference monitoring
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Global SDR Data Collection Network
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Advanced Receiver Designs: 
Multi-Domain Processing
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Multi-Domain GNSS Receiver Processing

39

• Adaptive tracking
• Multi-carrier tracking
• Vector processing
• Semi-open loop
• Open loop
• Adaptive hybrid tracking

Parameter optimization
Frequency diversity
Signal spatial diversity

Models
Temporal diversity

Models + parameter optimization

2021 ION GNSS+



University of Colorado
Boulder

Adaptive Tracking: Parameter Optimization 

• Yang, R., K. Ling, E. Poh, Y. Morton, “Generalized GNSS signal carrier tracking in challenging environments: 
part I – modeling and analysis,” IEEE Trans. Aero. Elec. Sys., 2017.

• Yang, R., Y. Morton, K. Ling, E. Poh, “Generalized GNSS signal carrier tracking in challenging environments: 
part II - optimization and implementation,” IEEE Trans. Aero. Elec. Sys., 2017.

• State-based framework
• Optimization: MMSE
• Low power + high dynamic signals

Correlator integration time:
Filter bandwidth:

Correlators Estimators

Reference Generation

Signal 
parameters

FiltersFrom
Sampling 

device

b1, µ1, b2, µ2 are functions of receiver hardware qualities and platform dynamics

Topt = b1 C / N0( )−µ1

Bopt = b2 C / N0( )−µ2

2021 ION GNSS+ 40
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Inter-Frequency Carrier Doppler Relationship
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Yang, R., D. Xu, Y. Morton, “Generalized multi-frequency GPS 
carrier tracking architecture: design and performance analysis,” 
IEEE Trans. Aero. Elec. Sys., DOI:10.1109/TAES.2019.2948535, 
2019.

https://doi.org/10.1109/TAES.2019.2948535
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Peng, S., Y. Morton, R. Di, “A 
multiple-frequency GPS software 
receiver design based on a vector 
tracking loop,” Proc. IEEE PLANS, 
Myrtle Beach, SC, April 2012.

422021 ION GNSS+
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Open Loop Tracking (GNSS-RO, RNSS-R)
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Reference Generation

Estimators Signal 
parameters

Filters

Models: Doppler, range

CorrelatorsFrom
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Conclusions
• Ionospheric scintillation affects GNSS signal propagation and limits receiver 

PVT solution availability and accuracy
• Ground-based and LEO satellite-based GNSS receivers have played a 

critical role in monitoring the state of the ionosphere and space weather 
activities

• Advanced GNSS receiver algorithms are necessary to provide reliable 
monitoring services for ionospheric scintillation

• New approaches such as GNSS-R have the potential to fill data gaps in 
ionospheric scintillation monitoring.
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