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Abstract—Local Area Augmentation System (LAAS) is expected to enable the pilots to guide the
aircraft more precisely and safely into busy airports even in poor visibility conditions. The anomalous
low and equatorial latitude Ionosphere is severe threat to the LAAS system. To characterize the
anomalous ionospheric gradients, the performance of an ionospheric threat model is evaluated. In our
investigation, in contrast to the reported work available in the open literature, smoothed code phase
measurements are used in the threat model to obtain precise ionospheric time delay. The three key
parameters of the threat model gradient slope (mm/km), width (km) and front speed (m/s) are used
in the analysis. Further, geometry screening using Maximum Ionosphere Induced Error in Vertical
(MIEV) as a key parameter is carried out to identify the stationary gradients and its impact on system
performance for CAT-I operations. A maximum ionospheric gradient of 355.74 mm/km over a distance
of approximately 75 km is reported at mid latitudes. Whereas, in our findings at low /equatorial latitudes
even within a distance of approximately 4km a maximum gradient of 460 mm/km is observed, which
is comparatively very high. Our results show that, there is necessity to enhance upper bound for the
ionospheric gradients threat space over low latitudes.

1. INTRODUCTION

The GPS satellites transmit two spread spectrum pseudo-random noise (PRN) radio signals on L
(1575 MHz) and Ly (1227 MHz) frequencies with power level of —128 dBm and —134 dBm respectively.
The L-band signals confront time delay effect, while passing through the ionosphere. Therefore,
ionospheric time delay models are required to correct the effect of ionosphere on electromagnetic
waves [1]. The vertical delay estimation due to the models at the user’s Ionospheric Pierce Point (IPP)
will be in error if any of the satellite signals get affected due to ionospheric irregularity. Especially, the
ionosphere above the Indian subcontinent, which is located near the equatorial region, is highly volatile
and varies both temporally and spatially [2-4]. In general the rate of change of Total Electron Content
(TEC) over short distance (~100km) is very small [5]. But, in presence of ionospheric gradients the TEC
can change by tens of meters in just a few minutes [6]. Thereby causing significant difference in TEC
experienced by users at short distances, even less than 45 km. Therefore, the effect of large ionospheric
gradients is of major concern and of particularly important in context of GBAS. The U.S. LAAS is
an example of GBAS. ICAO recommends LAAS for Precision Approach (PA) at or near the airports
(ICAO Annex 10). Many countries started developing GBAS for PA procedures at major airports.
The GBAS Category-I (CAT-I) PA is demonstrated at Newark (USA), but not yet operational due
to technical and operational issues. In, Australia (Sydney international airport) and Brazil the CAT-I
operations will be in effect in the upcoming years. As far as India is concerned, the GBAS pilot project
is expected to start at Chennai international airport in the near future and later expected in all other
major airports [7, 8].
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The occurrence of strong ionospheric gradients is a potential threat to the LAAS. Significant
research work specific to ionospheric threat modelling and analysis for LAAS is realized by several
authors at mid latitude regions [9,10]. Whereas, not much work relevant to threat analysis is done
on low/equatorial latitude ionosphere, which is characterized by intense irregularities, scintillation and
ionospheric gradients etc.. As the ionosphere in equatorial and low altitude regions like India is very
volatile, it is technically challenging for the GNSS systems to meet the precision approach requirements
of aviation. Our investigations are likely to fill this gap.

For better evaluation, smoothed code observations for detecting the large ionospheric gradients are
used, which is in contrast to the smoothing techniques reported in open literature [10]. The analysis is
carried out to meet the CAT-I PA requirements for low latitude regions.

2. LOCAL AREA AUGMENTATION SYSTEM (LAAS) AND IONOSPHERIC
GRADIENTS

LAAS is one such system that enables pilots to guide planes more precisely and safely into busy airports
even in bad weather conditions.

LAAS comprises of a ground station with multiple GPS receivers at well surveyed locations, a
VHF link and one or more pseudolites (PLs). A simplified block diagram of LAAS is shown in Figure 1.
Pseudolites (PLs) are ground based transmitters that can provide similar navigation measurements as
GPS satellites. The usage of PLs offers great flexibility in terms of geometry and signal availability,
which will aid in attaining CAT-I/II/III. The ground station makes the differential corrections and then
broadcast them on VHF frequencies along with an integrity message to aircrafts within a radius of 30
to 50 km.

The extreme ionospheric spatial decorrelation is a major threat to LAAS and can result in
positioning error of 10m and more [11]. The term ionospheric gradient is used to represent this
phenomenon. The methods/techniques to calculate these gradients are ‘time-step’, ‘station pair’ and
‘mixed-pair’ methods [11,12]. These three techniques are used to estimate the steepest gradients and
to bound the ionospheric error for GNSS augmentation systems. Spatial gradients are of major concern
especially in LAAS for category PA operations. In a typical LAAS scenario, the LGF should detect
the risk associated with ionospheric gradients and has to exclude the anomalous ranging sources.
Therefore, thorough investigations are required to study anomalous ionosphere for both quiet and
disturbed conditions. The gradient analysis is performed using station-pair method, which is reliable

GES

Satellites

Figure 1. Block diagram of GBAS/LAAS.
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for identifying the extreme spatial gradients.

2.1. Ionospheric Wave Front

An anomalous ionosphere gradient can be modeled as a linear semi-infinite wave front with constant
propagation speed. The gradient is assumed to be a linear change in slant/vertical ionosphere delay
between maximum and minimum delays. The spatial gradient (slope), width of the linear change in delay
and the forward propagation speed of the wave front relative to the ground are the three key parameters
in the LAAS ionosphere threat model (Figure 2). The threat model is expected to identify occurrence
of ionospheric wave front by determining steepest gradients, width and its direction. Figure 3 illustrates
typical LAAS scenario with ionospheric wave front. The spatial gradients are identified for the satellite
visible to both the LGF and aircraft. The necessary computations for identification of ionospheric
threat are carried out at LGF. The LGF will check all the visible satellites at every epoch for possible
ionospheric anomaly and ensures the subset of satellites that are safe to use by an approaching aircraft.
The bounds (sigma’s) on the various errors such as multipath, troposphere, ionosphere etc., are also
transmitted.

Wave front speed
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Figure 2. [Illustration of ionospheric wave Figure 3. Illustration of ionospheric front in typical
front. LAAS scenario.

The aircraft uses the LGF approved satellite geometries and range error (sigma’s) to determine
integrity by computing the protection levels. The work in this paper is limited to analysis of spatial
gradients in the context of LAAS and to determine safe satellite geometries for CAT-1 PA. Computation
of protection levels is out of scope of this work, but briefly described in next section to highlight the
significance of the work presented in this paper.

2.2. lIonospheric Wave Front Characteristics

The ionospheric wave fronts are classified as moving wave front and stationary wave front. During the
precision approach the relative speed of aircraft with moving front determines, whether it is a “slow” or

Table 1. Typical range of ionospheric threat space parameters [14].

S. No. Parameters Typical Range
1. Spatial gradient 4-450 mm /km
2. Velocity of ionospheric wave front (Viono) 0-750m/s
3. Width of ionospheric wave front (Wion,) 3-250 km
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“fast” moving wave front [13]. The advantage of fast moving front is that the ionospheric anomaly can
be detected much earlier at the LGF. Table 1 gives limits of slow and fasting moving wave fronts [14].
On the other hand, the stationary fronts impose severe threat to the LAAS user and are treated as worst
case scenario and are mitigated through Geometry screening, with MIEV as key deciding parameter.

3. PROTECTION LEVELS

The Protection Levels (PLs) are bounds on residual errors that are caused due to thermal noise,
multipath, nominal ionospheric and tropopsheric gradients with respect to airborne and reference
receivers [15]. LAAS provides two types of protection levels, they are; Vertical Protection Level (VPL)
and Horizontal Protection Level (HPL), which are function of satellite geometry. The considered satellite
geometry is safe for positioning, if the calculated PLs are within the specified Alert Limits (ALs). The
horizontal (H) and vertical (V') ALs for CAT-I/II/III precision approaches is given in ‘GNSS Standards
and Recommended Practices (SARPS)’ ICAO document (2000). The VPL and HPL are calculated
using the following expressions [16, 17],

N
VPL = Kup <Z S2 ., x a§> (1)
=1

N
HPL = Kup (Z S2 X a§> (2)
=1

where,
K yp: Probability of missed detection.
Sy and S, ;: Horizontal and vertical component of projection matrix of ith ranging source.

0?: Error variance of each satellite in view of ith ranging source.

2 _ 2 2 2 2
0, = O-pr,gnd,i + O-pr,air,i + Utmpo,i + Uiono,i (3)
2 2 2 2 ; ; :
In Eq. (3), the O pr_gnd.i> Opr_air,i> Otropo,i and o7, ; are the variances of ground error, airborne receiver

error, troposphere error and ionosphere error respectively. Among them the 0;,p0,, is the function of
standard deviation of nominal ionospheric spatial gradients (gs), which is highly variable and can affect
the integrity of LAAS user [18].
Tiono = Osg X (xaircmft + 2Tsvaircmft) X sf (4)

where,

0s¢: Standard deviation of nominal ionospheric spatial gradient (mm/km) for ith ranging source.

T gircraft: Distance between the LGF and aircraft (km).

Ts: Time constant of single frequency GBAS carrier smoothing filter (s).

Vaireraft: Velocity of approaching aircraft (km/s).

sf: Slant or obliquity factor.

The slant factor (sf) is written as,
Re % cos(fe) > 2
Sf=4/1— | ————= 5
f \/ < (Re +hi) ( )
where,

R.: Effective Radius of the earth (6378 km),
0c;: Elevation angle (degrees) and,
hi: Height of ionospheric shell (350 km).
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In Eq. (4), the Zgircrape s the distance between LGF and aircraft. The parameters vgerq and 7,
are assumed as 70m/s and 100s respectively [14]. Usually in LAAS to mitigate the effect of spatial
gradient, oyig (“vig” stands for ‘vertical ionospheric gradient’) of 4mm/km is transmitted by the LGF
to the user [19]. The oy, is expressed as [20],

Ovig = 059 X Sf (6)
But due to extreme spatial decorrelation of ionosphere at low and equatorial latitudes, 4 mm/km
is not suitable. The details of other error variances (Ugr,gnd,w azriaim and Ufmpo’i) can be found
elsewhere [21,22]. The large ionospheric gradients that are observed in the propagation path of
particular satellites are presented in results and discussion section.

4. THREAT SPACE PARAMETER ESTIMATION FOR LAAS

The ionospheric time delay is the largest and unpredictable source of error affecting the Required
Navigation Performance (RNP) of aircraft navigation. The ionospheric mean conditions are dramatically
affected because of variations in solar activity, which can endanger the integrity of GBAS systems.
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Figure 4. Flowchart for LAAS threat analysis.
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Significant research work is done on ionospheric threat analysis specific to GBAS for Conterminous
U.S. (CONUS) region. Theoretical back ground in respect of effect of anomalous ionospheric gradients
on LAAS relevant to threat analysis can be found elsewhere [14, 24, 25]. But, the observations reported
in these references were in the context of mid-latitude regions covering CONUS region. Relevant to
development of ionospheric threat models and threat analysis specific to GBAS, not much significant
work is done in low and equatorial latitude regions like India. As the ionosphere in these regions is
volatile, it is technically challenging for the GNSS systems to meet the precision approach requirements
of aviation. Therefore, an attempt is made in this aspect. The steps involved in identifying the gradient
effected satellite and to obtain the safe satellite subset for navigation solution are illustrated in Figure 4.

The threat analysis in the context of LAAS requires a minimum of two GPS receivers with in
a distance of 50km. Therefore, the GPS data of two stations namely National Geophysical Research
Institute (NGRI) and Research and Training Unit for Navigational Electronics (NERTU) of Hyderabad,
which are spatially separated by a distance of 3.64 km is considered for the analysis. The steps involved
in identifying the gradient effected satellite and to obtain the safe satellite subset for navigation solution
are illustrated in Figure 5. The theoretical background including calculation of threat parameters with
relevant mathematical expressions is discussed in this section.

Rx1 RX2

NERTU NGRI

Figure 5. Illustration of station pair concept for estimation of spatial gradients.

4.1. Estimation of Ionospheric Spatial Gradient

Station pair method is used to estimate the ionospheric spatial gradients. This technique is suitable for
LAAS scenario when compared to time step and mixed pair methods. Figure 5 illustrates the station
pair concept. The spatial gradient (gs) is given as [23],
P P
Idel o de2

2 (/) 7)

gs =

where,
I ng1 and I SRXQ : Slant ionospheric delay of the receivers Rx; and Rxs due to common visible satellite
P.
Dy: Distance between the two receivers.

4.2. Estimation of Velocity and Width of Ionospheric Wavefront

Ionospheric front speed (Viono) and width (Wi,,,) are required to characterize the gradient. Dividing
the distance between the two stations by the time difference of occurrence of maximum delays at the two
stations (Rxj, Rxg) gives ionospheric front speed. But, the front speed also includes the IPP velocity
(Vipp), which is an essential parameter required for estimation of width of the wave front. The velocity
of IPP is the ratio of distance between successive IPP’s of the satellite in view of the receiver, to the
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difference in time of observations. So, the velocity of wave front, width and IPP velocity are given
as [24],

D
Viono = 7AtRx1s,RxQ m/sec (8)
AtRxl,sz (RXI # RXQ) = tpeakal - tpeakRX2 (9)
Wiono - (Vviono - ‘/IPP) X tg (10)
Dipp
‘/z'pp = ti (11)
IPP

where,
tpeak,. » Time of occurrence of maximum ionospheric delay at station Rx; (sec).
peakgy,
tpeakRXQ: Time of occurrence of maximum ionospheric delay at station Rxa (sec).

ty: Time (sec) taken for linear change in ionospheric delay from maximum to minimum.
Dipp: Distance between the IPP points at time ¢; and to due to satellite in view (meters).
tipp: Difference of two time instants ¢; and to (sec).

4.3. Calculation of Direction of Wave Front

The pictorial representation of the effect of ionospheric gradients on satellite signals is depicted in
Figure 6.

Satellite moving
direction

axis
A

| PI? track

Direction of moving
lonospheric wave front

the IPP

lonosphere point

Stnl
(X1, Y129

Figure 6. Illustration of ionospheric gradient and two stations scenario.

There are two stations with local coordinates (x1, y1, 21) and (x2, y2, 22) respectively. The
ionospheric wave front and satellite in view are moving in opposite directions. The wave front sweeps
over the stations 1 and 2 at time instants ¢; and ts.

Though, two receivers’ data is sufficient to estimate the ionospheric gradient and its speed, in
general a third receiver is required to determine its direction. Ene et al. [25] developed a more generalized
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method which aid in finding the direction of wave front even with two stations data [25]. The model is

expressed as,
Dy x cos(,) = (Vionocos(0,,,,) + Vippsin (arpp)) X AtRy; Rxe (12)

where, app and 6,,,, are the angles defined to determine IPP direction and wave front direction.
Further, 35 is the angle between line joining two stations and z-axis. [ is calculated from the 3-
dimensional direction cosine rule of the vector algebra given as,

Bs = cos™ ! (2 — 21) (deg) (13)
\/((«7?2 —21)” + (g2 — y1)° + (22 — 21)2)

For calculating (5 angle, the coordinates of two receivers NERTU (1211955.4671 m, 5966555.9125 m,
1896150.2498 m) and NGRI (1208444.4559m, 5966806.0124 m, 1897076.9818 m) are considered and
obtained as 15.3°. In Eq. (12), the only unknown parameter for estimation of wave front direction
(@iono) is IPP direction angle (aqpp).

arpp is the angle between the IPP moving direction and normal direction of the front. The concept
of line geometry is used to estimate agpp and is illustrated in Figure 7. The angle between the tangent
and Line of Sight (LOS) is 90°, and the angle between line parallel to equatorial plane and LOS is angle
of elevation [26]. Therefore, the direction of IPP is expressed as,

arpp = 90° — 0 (deg.) (14)

> Lineparallel to
equatorial plane

RX

Figure 7. Illustration of IPP direction.

4.4. Calculation of Ionosphere Differential Range Error and Error in Vertical

The signal processing at the LAAS ground station consists of data checks to prevent transmission of
misleading information to the aircraft. Thereby, the LGF broadcasts valid corrections for all approved
satellites in view. The satellite specific differential range error (¢) and ionosphere induced error in
vertical (IEV) are given as [15],
€ = min {4,max(gs)] X (X gireraft + 2TsVaireraft) (meters) (15)
wono

IEV = |Spere, * € (16)

where, e: Ionospheric induced differential range error (m).
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In Eq. (16), Syert; is calculated from weighted least square projection matrix (S,), which is given

as,
le Sx? S:):n
S, S Sun
Sp = ((Gel,az)T X Wey X Gel,az) X (Gel,az)T X Wey = SZi SZ; SZn (17)
Si1 St ... S
S’Uerti = Sv,i + (Sx,z X tan(eGPA)) (18)
[coS(0er, ) cos(Az1)  cos(Ber, ) sin(Azy)  sin(fe,) 1
cos(0,, ) cos(Az c0s(0,;, ) sin(Az sin(6,, 1
Copor = (12): (Azg) (lz): (Azg) (: l2) | 19)
_cos(@eln).cos(Azn) cos(@eln).sin(Azn) sin(éeln) 1
o3 0 ... 0 -
10 o2 ... 0
We=10 0 ... 0 (20)
L0 0 ... o2

where, n x 4 observation matrix (G _4.) is estimated using LOS elevation () and azimuth (Az) in
up-east-north (UEN) reference frame. W, is the n x n weighted matrix defined as a function of error
variance of each satellite in view. Ogpa is the Glide Path Angle (GPA), which is normally referred as
3°.

4.5. Maximum JIonospheric Error in Vertical (MIEV)

The calculation of Maximum Ionospheric Error in Vertical (MIEV) is required to check the integrity of
subset of satellites to be used for navigation solution. The MIEV is calculated as [11],

N
MIEV = |Suers;e| + Kupy| > 52 07 (21)

i=1

In the equation, Kj;p multiplier is the missed detection probability which is defined in LAAS Signal-in-
Space (SIS) integrity and continuity requirements. The Kj;p value depends on the number of receivers
used in the LAAS operation. In the present example, two receivers are used for estimating ionospheric
gradients. Therefore, Kjp value of 2.935 is chosen [22]. The MIEVs calculated for the subset of
satellites at every instant are compared with the maximum vertical Total Error Limit (TEL) of about
28.78 m, which is allowable at the decision height (DH) of 200 ft for CAT-I precision approach. The
satellite geometries with MIEV greater than aforesaid TEL are not considered by the airborne receiver
for navigation solution.

5. RESULTS AND DISCUSSION

The GPS data corresponding to dual frequency GPS receivers of NERTU (Make: Novatel, Model:
DL4plus) and NGRI (Make: Leica model: GRX1200GGPRO) is used for the analysis. As the dual
frequency GPS receiver at NERTU is operational from year 2008, the data from 2008 to 2012 is
investigated on the availability basis. The selected instances of satellites affected with large gradients are
presented. Initially, the effect of anomalous ionosphere on GPS satellite signals for normal ionospheric
conditions is perceived. The analysis is carried out for a typical day (02nd October 2008, 2 < Kp < 4).
Figure 8 shows the spatial gradients observed for SVPRN 2 during normal ionospheric conditions. The
minimum spatial gradient is 112mm/km (15.8 Hrs LT) and maximum spatial gradient is 126 mm/km
(20.63 Hrs LT). Figure 9 depicts the slant ionospheric spatial gradients observations for other satellites
with visibility more than 3 hours on 2nd October 2008.

The satellite specific slant ionospheric spatial gradients are multiplied with the slant factor to
measure the vertical ionospheric gradient. The slant factor varies inversely with elevation angle. Its
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gradient of SVPRN 2.
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Slant ionospheric spatial gradients of SVPRNs during normal ionospheric conditions
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Figure 10. Plots showing local time versus (a) slant ionospheric delay, (b) elevation angle, (c)
ionospheric spatial gradient of SVPRN 2 on 5th April 2010.
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Figure 12. Plots showing local time versus (a) slant ionospheric delay, (b) elevation angle,
(c) ionospheric spatial gradient of SVPRN 21 on 9th March 2012.

value is 1 at an elevation angle of 90° and 3.0 at an angle of 5°. Therefore, it is evident from the
above results that the slant ionospheric spatial gradients are large enough and can result oy, greater
than 4 mm/km as prescribed by ICAO for LAAS operations even under normal ionospheric conditions
(RTCA, 2005). The identified large spatial gradients can impose severe threat to the LAAS users
and is dealt in following section. The magnitude of anomalous gradients noticed with our data is
compared with that due to GPS data over CONUS region. More precisely, the observations presented
correspond to the ionospheric data analysed during the intense inosopheric activity days. The large
spatial gradients are noticed on 5th April 2010 (3 < Kp <8), 10th September 2011 (3 < Kp < 6) and
9th March 2012 (2 < Kp < 8). Figures 10-12 depict the results of gradient effected satellite PRNs
on the respective days. Table 2 gives the values of the calculated threat space parameters such as
velocity of wave front, width and direction of the wave front etc., to quantify the effect of gradients
on the satellites mentioned. The maximum ionosphere slope of 460.4 mm/km (9th March 2012) in
slant domain is observed over a distance of approximately 4 km. The maximum anamolous ionospheric
gradient reported using WAAS and IGS/CORS networks over CONUS region is 355.74 mm/km between
the stations WOOS (Lat: 40.80°, Long: —81.96°) and GARF (Lat: 41.42°, Long: —81.61°) separated by
a distance of 74.51 km [25]. But, at low latitudes, the decorrelation of ionosphere is comparatively large,
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Table 2. Ionospheric threat parameters estimated for gradient effected SVs PRN 2, 9 and 21 on 5th
April 2010, 10th September 2011 and 9th March 2012 respectively.

SV gs Vlg LT ‘/iano ana 02'077,0

S. No Date
PRN (mm/km) (mm/km) (Hrs) (m/sec) (km) (deg.)
1. 5th Apr. 2010 2 409.3 189.49 8.36 151.87 7.28 23.17
10th Sep. 2011 9 306.7 175.25 17.35 147.21 7.28 24.65
9th Mar. 2012 21 460.4 396.9 9.35 106.06 10.92 38.32

this is evident from the data analysis. Any further comparison based on other observations/parameters
is not possible as this type of work, particularly in the context of LAAS is done for the first time in low
latitude region.

Usually, the methodology adopted for threat analysis is capable of identifying only the moving
ionospheric gradients and their impact on the GPS signals but not the stationary gradients (Sections 4.1—
4.4). However, there is a possibility of stationary ionospheric gradients, which require through
investigation. The effect of stationary gradients are considered as worst case scenario and can be
mitigated through geometry screening, with MIEV as key deciding factor [14]. This is achieved by
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calculating the MIEV for the ‘all-in-view’ visible satellites at every epoch. The all-in-view satellites
with MIEV less than CAT-I TEL of 28.8m are considered for position estimation. Otherwise, the
geometry screening is carried out, where nC4 combinations of satellite subsets are generated and the
subset with MIEV less than CAT-I TEL is used for navigation solution. The MIEVs calculated for the
aforesaid days are depicted in Figures 13-15. It is observed that, there are several satellite geometries
with MIEVs exceeding the TEL. The large MIEV values indicate the presence of stationary gradients.
The potential integrity risk due to satellite geometries exceeding TEL are mitigated through geometry
screening at those epochs.

For example, Figure 16 shows the MIEVs obtained for nC4 combinations at an epoch (9.35 Hrs
LT) on 9th March 2012 for which the MIEV is 184.4m due to ‘all-in-view’ satellites. At this epoch,
it is observed that the number of total visible satellites are ‘11’ (SV PRN 1, 3, 6, 11, 14, 16, 20, 21,
30, 31 and 32) at this epoch. Thus, 210 geometries are possible. MIEVs are calculated for these 210
combinations (Figure 16). It is observed that MIEV crosses the TEL for 180 combinations out of 210
combinations. Thus the 180 satellite combinations are unsafe to the LAAS user. So, these combinations
are not used by airborne GBAS avionics for navigation solution.

6. CONCLUSIONS

The maximum slant ionospheric gradient observed is 460 mm/km from the threat analysis carried
out using the GPS data of NERTU and NGRI stations. Further analysis of MIEVs not only aids
in providing the safe satellite geometry for airborne GBAS avionics, but also reveals the presence of
stationary ionospheric gradients and their impact on the signals. It is noticed that most of the time the
MIVE values exceed the CAT-I TEL of 28.8m. The MIEV values are critical for estimating inflation
factor to determine HPL and VPL for an intended flight operation. Due to the constraint of limited
data, the calculations are done based on assumptions reported elsewhere [14]. The analysis is useful
for development of ionospheric storm warning and alert monitoring systems. In addition, the effect of
stationary gradients is mitigated using geometry screening (nCy) and safe satellite subsets are identified.
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