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Ground Based Augmentation Systems (GBAS) and 
Global Implementation Status 
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Courtesy of FAA 



Ionosphere Anomaly Front Model: 
Potential Impact on a GBAS User  
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Simplified Ionosphere Front Model:  
a ramp defined by constant slope and width 

Front Speed 
200 m/s 

Airplane Speed 
~ 70 m/s 

(synthetic baseline due 
to smoothing ~ 14 km) 

Front Width 
25 km 

GBAS Ground Station 

Front Slope 
425 mm/km LGF IPP Speed 

200 m/s 

Stationary Ionosphere Front Scenario:  
Ionosphere front and IPP of ground station IPP move with same velocity. 
Maximum Range Error at DH:  425 mm/km × 20 km  =  8.5 meters   

Max. ~ 6 km 
at DH 



Abnormal Gradients:   
Mid-Latitudes vs. Low-Latitudes 
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Over CONUS  
(11/20/2003, 20:15 UT) 

425 mm/km max. 

Over Brazil  
(3/1/2014, 01:00 UT) 

850 mm/km max.  
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• Project conducted as an international, interagency effort 
– Teams involved:  DECEA, ICEA, INPE, FAA Technical Center, 

Stanford, Boston College, NAVTAC, Mirus, and  KAIST 

• 120+ active ionosphere days were identified during the 
peak of the current solar cycle (March 2011 – April 2014) 
– Data collection from multiple Brazilian GNSS station networks  
– 85 scintillating, 8 non-scintillating, and 33 stormy days 

• Threat points generated from LTIAM processing and 
verified by manual inspection 
– 30 points > 500 mm/km; 5 points > 600 mm/km 
– Maximum gradient  ≅  850 mm/km 
– Significantly exceeds the maximum gradient of the CONUS 

threat model (375~425 mm/km) 
 

 
 

 

GBAS Brazilian Ionospheric  
Threat Model Study (Phase 1) 
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Large Brazilian Gradients Observed  
(Phase 1 of Brazil Ionospheric Study) 
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Threat points shown with (   ) validated via multi-dimensional approach (see 
ION Pacific PNT 2015 paper) to confirm these are actual ionospheric events.  
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The EPB with a vertical depletion of ~15 m (or 35 m in slant 
domain) impacts the IPPs ( SJCU-SSJC to PRN 03) 



① abs[-1016.0 - (-165.3)] = 850.7 mm/km 

                                       ※ measured with  L1-CMC 
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SJCU
SSJC

Ionospheric delays Ionospheric gradients 

SJCU-SSJC, PRN 03 
Delay and Gradient Estimates 
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Regional Ionospheric Delay Map (Video) 
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Mitigation Approach I: 
Worst-Case Gradient Simulation and 

Position Domain Geometry Screening 
(PDGS) 



• Identify undetected ionosphere-induced errors using 
user geometry and ionospheric wave front 
simulations.  
– Safety assessment is based on the parameter combination 

causing the largest GBAS vertical position error (“MIEV”).  
– No probabilistic “averaging” among the many parameter 

combinations inside the threat model bounds. 

• If needed, inflate broadcast integrity parameters to 
exclude geometries with potentially unsafe errors 
(i.e., max. MIEV > TEL). 
– This is a direct extension of the approach used in CONUS. 
– Resulting inflation is very conservative, as in CONUS  

many good geometries are removed as well (availability 
loss) 

Position Domain Geometry Screening 
(Worst-Case Ionospheric Mitigation) 
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Inflated VPLH0 (all-in-view): 4-km DH 
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RTCA-24 SVs, Rio de Janeiro  

Inflated VPLH0 (CONUS model) 

Nominal VPLH0 

Inflated VPLH0 (g=860 mm/km) 

Nominal VPLH0 

Inflated VPLH0 (g=700 mm/km) 
Inflated VPLH0 (g=600 mm/km) 
Inflated VPLH0 (g=500 mm/km) 

VAL 

Daytime (CONUS model) Nighttime (Brazil model) Local Time (hr) 

Availability: 99.3% Availability (g=860 mm/km): 58.3 %  
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Assessment Approach II: 
Monte Carlo Simulation and  
Real-time Threat Mitigation 



• Assess the overall (ensemble) user impact by 
running many anomalous ionospheric trials through 
the use of randomly generated threat parameters. 

• For each time epoch and subset geometry: 
 

– Randomly-sampled EPB parameters, including tilt angle, 
width, velocity, and gradients (SV-specific), are selected.  

– One SV is assumed to be affected by the worst-case EPB 
with the maximum gradient of 860 mm/km. 

• After simulating all possible geometries at each 
epoch, we examine the probability of distribution of 
ionospheric induced vertical errors and TEL 
bounding. 
 

– “Worst-case impact” should be approximated by inclusion 
in distribution of simulation results. 

 

Monte Carlo Simulation Concept 

Session 6 #1 EPB Effects on GBAS and Mitigation Techniques  14 



-150 -100 -50 0 50 100 150
-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

  

lo
g 10

C
D

F(
er

ro
r)

TEL

-150 -100 -50 0 50 100 150
-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

  

lo
g 10

C
D

F(
er

ro
r)

TEL - Median: -0.0007m
- Prob(Error>TEL): 0.003673

TEL Bounding Results:  
CDF of Iono-induced Vertical Errors at 4-km DH 
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Worst Gradient Impact on 1SV 

Prob(Error >TEL)  ≅  0.0037 

Vertical Position Error (m) 

lo
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 𝑷𝑷𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒐𝒐𝒐𝒐 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 
 
 
= 𝑷𝑷𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 x 𝑷𝑷𝒂𝒂−𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑  

𝟏𝟏𝟎𝟎−𝟖𝟖 

𝟏𝟏𝟎𝟎−𝟐𝟐 𝟏𝟏𝟎𝟎−𝟔𝟔 



Real-Time Threat Mitigation Concept using 
Monte Carlo Simulation 
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For each epoch  

Inflate VPLH0 of subset geometries  

Screen out subset geometries whose inflated 
VPLH0 exceeds VAL 

Simulate IEVs of remaining subset geometries 
and obtain IEV distribution  

Store Inflated 𝝈𝝈𝒗𝒗𝒗𝒗𝒗𝒗  

Prob(IEV > TEL) < 10-5  

Yes 

No 

Inflate 𝝈𝝈𝒗𝒗𝒗𝒗𝒗𝒗  

𝑷𝑷𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒐𝒐𝒐𝒐 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

𝑷𝑷𝒂𝒂−𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
 

 

=
𝟏𝟏𝟎𝟎−𝟖𝟖

𝟏𝟏𝟎𝟎−𝟑𝟑
 



Inflated VPLH0 (all-in-view):  
4-km DH, Pa-prior= 10-3 
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RTCA-24 SVs, Rio de Janeiro  

VAL 

Local Time (hr) 

Inflated VPLH0 (PDGS, g=860mm/km) 
Nominal VPLH0  
Inflated VPLH0 (Monte Carlo; MC) 

Availability Results  
PDGS - 58.33 % VS. MC - 75.00 % 



Inflated VPLH0 (all-in-view):  
4-km DH, Pa-prior= 10-5 
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• The behavior of plasma bubbles in low-latitude 
regions is different from that of ionospheric storms 
in mid-latitudes.  
– Maximum spatial gradients in Brazil are considerably higher 

than that in CONUS.  

• The potential impacts of the EPB-induced 
ionospheric gradients are significant for CAT-I GBAS 
users. 

• Real time threat mitigation concept using “Monte-
Carlo” simulation was developed 
– Additional monitoring/screening applied to GAST-D GBAS 

should make this threat less significant. 

 

Conclusions  
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Thank you for your attention!  
 

jiyunlee@kaist.ac.kr 
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• Backup slides follow… 

Backup Slides 
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   Protection Level and Alert Limit 

• GBAS Provides Protection Level 
that Bound Residual User Errors 
out to Integrity Requirement 
 

• If PL > AL, the system is 
unavailable 

Protection Level 

Alert Limit 
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Brazilian GNSS Reference Stations 
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São José dos Campos 



EPB Parameters 

Side View  
(perpendicular to EPB front) 

Top View  

Magnetic  
north 

Lower delay Higher delay 

Tilt 
angle 

Magnetic longitude  

M
ag

ne
tic

 la
tit

ud
e 

Io
no

sp
he

ric
 d

el
ay

 

Magnetic longitude  

Transition 
zones 

Surrounding 
ionosphere 

EPB 
depletion 

region 

Zonal length 

Max 
depletion 
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Occurrence Times of Large Gradients 
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𝟐𝟐𝟐𝟐𝟐𝟐 > 𝒈𝒈 

𝟑𝟑𝟑𝟑𝟑𝟑 > 𝒈𝒈 ≥ 𝟐𝟐𝟐𝟐𝟐𝟐 
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※ unit: mm/km 
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# of threats: 1136 
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Simultaneous Impacts of a Single EPB  
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3 1.067 850.7 

11 1.083 465 

19 1.050 77 

PRN Time (UT) Gradient 
(mm/km) 

3 1.067 850.7 

11 1.083 465 

19 1.025 571 
Max. gradient (~ 850.7 mm/km) 
observed on PRN 3 at 1.067 UT 

Vert. Depl.: ~16 m 

Max. gradients observed within 
± 2.5 min of 1.067 UT 

Max. gradients observed within 
± 75 sec of 1.067 UT 
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Summary of Brazil Threat Model (Preliminary) 
Comparison with CONUS TM 

Parameter CONUS TM Brazil TM 
Ionospheric gradient 425 mm/km max. 860 mm/km max. 

Max. depletion (delay) 50 m  20 m (primary);  
 35 m (total) 

Speed 0 ~ 750 m/s 40 ~ 246 m/s 

Transition zone length 25 ~ 200 km 11 ~ 186 km (primary); 
22 ~ 454 km (total) 

Anomaly time of day Any time Local night-time only(◊) 

Anomaly approach 
direction Any direction Within tilt angle of 

magnetic equator (W-E) 

Multiple-satellite 
impacts Worst pair of 2 SVs Multiple SVs depending 

on EPB and IPP locations 
(◊) mid-latitude iono. storm model used during local day-time 
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tighter constraints compared to CONUS TM 

27 



Monte Carlo Simulation Procedure 
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For each epoch  

For each subset geometry (# of SVs= M) 

Randomly sample EPB parameters:  
tilt angle, width, velocity (uniform dists.) 

Apply the worst gradient (860 mm/km) 
and calculate range error(s)  

for 1SV (or 2SVs) 

Sample (Gaussian dist.) and apply 
non-worst gradients and 

calculate range errors  
for the remaining SVs 

Select the worst-case 1SV (or 2SVs) 

Compute and store 
Ionosphere-induced Error in Vertical (IEV) 

𝑰𝑰𝑰𝑰𝑽𝑽𝒊𝒊 = ∑ 𝑺𝑺𝒗𝒗,𝒌𝒌
𝑴𝑴
𝒌𝒌=𝟏𝟏 𝜺𝜺𝒌𝒌  



Monte-Carlo Simulation: 
Dist. of Non-Worst-Case Iono. Gradients 
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• Over 30 days from the Phase 1 data subset of “scintillating 
days” were selected to estimate distribution of non-worst-case 
gradients during local night-time. 
– Using the station-pair method, no gradient larger than 400 mm/km 

was observed on the selected days. 
– Time-step method used here; thus larger gradient estimates result. 
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