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Standalone Global Navigation Satellite System (GNSS) is inadequate for precise navigation of aircrafts. Ground-based
Augmentation System (GBAS) augments the performance of GNSS for civil aviation by providing differential corrections to
the position of an aircraft during takeoff and landing. Ionospheric gradients affect the accuracy of GNSS and they can be
detected and characterized from GNSS observations. In this paper, the ionospheric temporal and spatial gradients have been
detected and the ionospheric drift velocity has been evaluated from the data recorded by GNSS receivers located at Koneru
Lakshmaiah University, Guntur (GNT) and Indian Meteorological Department, Machilipatnam (MPM), Andhra Pradesh,
India. Both the stations are chosen as they are situated close to each other and to the Vijayawada Airport. The rate of TEC
index (ROTI) and numerical differentiation are applied to detect the ionospheric temporal gradients. Time-step and Station-
pair methods are used to detect the spatial gradients. Ionospheric gradients at GNT and MPM stations for the month of
January 2015 have been discussed. The gradients are found to have occurred mostly between 2000 and 2200 hrs LT. The
maximum value of ionospheric gradient velocity is 473.25 ms™'. The S4 value is above 0.8 and the phase scintillation value
is above 0.7 radians.
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1 Introduction

Ground Based Augmentation System (GBAS) is
becoming indispensable in airports as it is relatively
inexpensive, physically compact, self contained and
easy to deploy. GBAS works in conjunction with the
satellite-based navigation system to provide very
precise navigation service, which in turn ensures
increased safety as compared to standalone satellite
navigation. International Civil Aviation Organization
(ICAO) has proposed to replace the current
Instrumental Landing System (ILS) with GBAS in the
long term due to better performance at lower
installation, maintenance and lifecycle costs'. The
architecture of a GBAS system is illustrated in Fig. 1.

GBAS is composed of satellite constellation,
ground station and the aircraft receiver. The GBAS
ground station consists of three or four reference
receivers at exactly pre-calculated locations, a GBAS
ground facility and a very high frequency (VHF) data
broadcast (VDB) transmitter. The reference receivers
get the positioning data from GNSS satellites and

relay the information, regarding pseudo-range
measurements, signal health and system performance,
to the GBAS central processing facility. GBAS ground
facility computes the corrections using GNSS data
from reference receivers and transmits the integrity
information to the aircraft receiver via a VDB signal
over a frequency band of 108 - 117.975 MHz (Ref. 1).
The aircraft receiver receives the positioning
information from the GNSS satellites as well as the
differential corrections from the GBAS ground
station. The aircraft receiver applies the differential
corrections on the GNSS data to produce a set of
corrected pseudo-ranges. GBAS is capable of
providing corrections to most of the GNSS pseudo-
range errors that the aircraft experiences in and
around an airport. During disturbance period, the
behaviour of ionosphere shows strong temporal and
spatial variations. In the equatorial or low latitude
regions (within 20°N or S), the commonly observed
ionospheric disturbances are large gradients in total
electron content (TEC), plasma bubbles, scintillations,
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Fig. 1 — GBAS architecture

equatorial fountain and sub-equatorial anomalies.
This anomalous behaviour results in ionospheric
threat almost all the time, especially during the post
sunset hours. Since the ionospheric threat consists of
moving ionospheric wave fronts, the threat model is
formulated considering the three important
parameters, viz. slope, velocity and width of the
ionospheric front. In this paper, the characteristics of
ionospheric gradients that travelled over the low
latitude regions of the Indian subcontinent have been
evaluated. Positioning information is collected using
the NovAtel, GPStation-6 receivers at Koneru
Lakshmaiah University, Guntur (GNT) and Indian
Meteorological Department, Machilipatnam (MPM),
Andhra Pradesh. The temporal gradients in the
ionosphere are detected using the front velocity of the
ionospheric threat model for GBAS. Figure 2 depicts
that the delay in the range experienced by the aircraft
is different from the delay experienced by the GBAS
ground facility.

Spatial gradients are found at the GNT and MPM
stations. The amplitude and phase scintillation values
are studied and they indicated strong ionospheric
disturbance during the post sunset hours, which
coincided with the usual time of occurrence of the
spatial and temporal gradients in low latitudes”. TEC
is a key parameter in detecting as well as mitigating
the errors due to anomalous behaviour of ionosphere.
The velocity of the ionospheric front can be calculated
from the slant total electron content (STEC) values
recorded by the two GPS stations. The drift velocity of
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Fig. 2 — Ionospheric threat model for GBAS

a plasma bubble in the low latitude regions can be
found by finding the cross covariance and auto
covariance of the TEC values from two geographically
close GNSS stations and measuring the time lag in the
observed disturbance at the two places’.

The detection of medium scale disturbances in the
ionosphere over mid-latitudes can be done by
Statistical Angle-of-Arrival and Doppler Method
(SADM-GPS)*. SADM-GPS computes the velocity of
TEC gradient using data from 3 GPS stations. The
noise is removed by time averaging the velocity
measurements. Short period disturbances of 3 - 10
minutes can be detected using discrete time cross
correlation between normalized data from pairs of
GPS stations’. The propagation velocity —of
ionospheric disturbance is computed by simplified
geometry. The drift velocity of equatorial ionospheric
scintillations can be estimated using cross correlation
between STEC observations of local GPS reference
network®®. The spatial and temporal gradients in the
ionosphere affect only a few satellites that pass over
the disturbance. The present work focuses on
detecting the presence of ionospheric disturbance and
also determining the satellite vehicles, which are
affected by the same. Avoiding the affected satellites
mitigates the error introduced in the GNSS signal due
to the variation in ionospheric delay between the user
and the ground facility’.

2 Data and Analysis

GPS data is recorded using NovAtel GPStation-6
GNSS Ionospheric Scintillation and TEC Monitor
(GISTM) receivers at Koneru Lakshmaiah University
(16.4415°N; 80.62179°E), Guntur (GNT) and Indian
Meteorological Department (16.08°N; 81.15°E),
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Machilipatnam (MPM), near Vijayawada Airport
(16.31°N; 80.47°E), Andhra Pradesh, India, to detect
and determine the characteristics of the ionospheric
gradient. The distance between the two stations is
56.79 km. The distances from Vijayawada Airport to
GNT and MPM stations are 22 and 77 Kkm,
respectively. According to the specifications provided
by the Federal Aviation Administration, GBAS
provides navigation and precision approach service
over a radius of 23 nautical miles around the host
airport. Usually, the TEC values are calibrated to
remove TEC biases from the measured TEC.
The biases in TEC measurements may occur due to
GNSS antenna, antenna cable, connectors, splitters,
amplifiers, working temperature and equipment
ageing. NovAtel GPStation-6 receiver has an
inbuilt auto calibration feature for determination of
instrumental biases. The instrumental biases, thus,
determined are included in the TEC measurements
automatically by GPStation6 receiver.

The STEC variations with respect to local time are
extracted from the GPS data recorded over the month
of January 2015. The data is collected at intervals of
60 seconds. The ionospheric gradients are detected
and their velocities are evaluated.

2.1 Auto detection of ionospheric gradients in GNSS radio
signals

In this paper, automatic detection of ionospheric
temporal gradients has been done using rate of TEC
index (ROTI) and numerical differentiation methods.

2.1.1 Rate of TEC index (ROTI)

TEC fluctuations are usually characterized by the
standard deviation of TEC (osrgc). The rate of TEC
index is the standard deviation of rate of change of
TEC (ROT) as shown in Eq. (1). ROTI is a better tool
than osrec as taking the derivative of TEC while
calculating ROTT automatically removes the unknown
TEC biases and background trends and emphasizes
the high frequency components of TEC fluctuations.
ROTI is the standard deviation of ROT as given by
Eq. (2). STEC(i) and STEC(i — 1) are the STEC
values measured at the current instant ‘i’ and the
previous instant ‘i-1’, respectively.

ROT(i) = STEC(i) — STEC(i — 1) (D

N i)— ROT)2
ROTI = /M e

where, N, is the number of samples or epochs. In this
paper, ROTI values have been evaluated over a

sliding window of size of 10 min (N = 10). The
maxima of all ROTI values indicate the occurrence of
a gradient. ROTI is a very popular ionospheric
gradient detection techniques due to the simplicity of
its evaluation but it suffers from the drawback that its
value has a strong dependence on the size of the
window or the number of epochs over which it is
evaluated, the latitude of the GNSS receiver and the
sample rate or the time interval between two
consecutive epochs. The sample rate is an important
parameter when small scale structures of plasma are
to be detected, whereas the window size is very
important while detecting large scale plasma
structures. Jacobsen'’ showed that when the size of
the plasma structure is unknown, ROTT is not a very
accurate detection technique. In this paper, the
window size for ROTI calculation is taken as
10 minutes and the time interval between two epochs
is 1 minute. Another simple yet effective ionospheric
plasma irregularity detection technique is the
numerical differentiation method.

2.1.2 Numerical differentiation

Numerical differentiation method of detecting
ionospheric gradient overcomes the disadvantages of
ROTI. The main trends of STEC, which are the high
amplitude and low frequency components, appear due
to the diurnal cycle of the Sun and the continuous
change in the navigational satellite geometry with
respect to a GNSS receiver. Numerical derivative of
STEC completely removes the main trend and the
disturbance period can be highlighted''. The first
order derivative of STEC, §STEC for the ith sample
is given by Eq. (3):
STEC(i—1)+STEC(i+1) .. 3)

SSTEC(i) = STEC(i) — .

After performing the first order derivative, the
disturbance can be observed as the high amplitude
signals. To verify if the remaining low amplitude
signals are disturbance or just noise, a second order
derivative, 66STEC is computed in a similar way as
shown in Eq. (4).

SSTEC(i-1)+8STEC(i+1) (4)

88STEC(i) = 8STEC(i) — .

The time at the highest value of §§STEC gives the
instant of occurrence of a gradient.

2.2 Shifting of STEC and Separating the disturbance period
GNT and MPM stations are less than 60 km apart
and TEC values observed by both from a common
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satellite should be almost the same but their receiver
hardware biases could be different, which may
introduce errors in the velocity calculations. In order
to eliminate the difference in receiver biases, the
STEC values of GNT are shifted by the mean of the
difference in STEC values of the two stations, dSTEC
as given in Eqs (5) and (6):

dSTEC = STEC(GNT) — STEC(MPM) .. (3)
Shifted STEC = STEC(GNT) — dSTEC .. (6)

In order find the drift velocity of the ionospheric
gradient, the covariance of the STEC values during
the disturbance period is evaluated.

2.3 Cross covariance and Auto covariance calculation

The ionospheric gradient has a measurable
velocity. When the gradient is traversing in the
ionosphere and exhibiting temporal changes, then, its
velocity can be calculated by Eq. (7):

AD

V= v .. (D
where, AD, is the geographical distance between the
two stations (GNT and MPM). The time lag between
the maxima of the cross covariance of GNT and MPM
and the auto covariance of GNT gives At. The
equations for cross covariance and auto covariance
are given by Eqs (8 and 9):

_ Y i-P)(qi—9)

Cpq = % ... (8
_ Ihii-D)@is1—D)

Cop = 1 - 1 ... 9

where, p; and q;, are the ith samples of STEC values
of GNT and MPM stations and p and q are their
mean values, respectively.

2.4 Tonospheric spatial gradient

Ionosphere extends from approximately 70 to
1000 km from the surface of the earth. The
ionospheric thin shell model assumes the ionosphere
to be a thin shell of uniform density at a constant
height of 350 km from the surface of the earth where
the electron density is maximum. In order to find the
ionospheric spatial gradients, the ionospheric pierce
points (IPP) must be calculated. IPP is the point of
intersection of a GNSS signal from the satellite to the
receiver with the ionosphere at a height of 350 km
(H;pp) from the surface of the earth. The latitude and
longitude of IPP, @;pp and A;pp, respectively are
given by Eqs (10 and 11):

@ipp = sin~Y(sing cosRpp + cosgysinRppcosaz) ... (10)
inRppsinaz
Aipp = A4 + sin‘l(w) (11
IPP g E— (1T)
where,
_ T _ w1 Recosel)
Rpp /o — el — sin (7R6+HIPP (12)

where, @4 and A, are the latitude and longitude of the
ground station receiver; az and el, the azimuth and
elevation angle in radians of the satellite in question
as seen from the receiver; R, the radius of the earth;
and H;pp, the height of the ionospheric thin shell"?.

Ionospheric spatial gradient, which is the variation
of STEC over space, can be computed by two
methods, viz. Time-step method and Station-pair
method". In Time-step method, the difference in the
ionospheric delay at two consecutive epochs is
computed for one station and the result is divided with
the distance between the IPPs at the two instants. The
spatial gradient computed by the Time-step method
has an inherent temporal component in it, which
makes it not so accurate for GBAS applications.

In Station-pair method, the gradient is found by
computing the ionospheric delay difference between
two closely spaced stations, in the view of a common
satellite, at a particular epoch and dividing it with the
distance between the IPPs of the two stations at the
same time instant. The expressions for spatial
gradients computed using Time-step method and
Station-pair method are given by Eqs (13 and 14):

...(13)

. . STEC(i+1)— STEC(i
Spatial Gradientrime—step = T()
i

DIPP; = distance between IPPs corresponding to
time instants i and i+1.

. . STEC(Rx1)— STEC(Rx2)
Spatial Gradientsgrion—pair = DIPPrs ...(14)

DIPPp,1, = distance between IPPs of two stations
at the same instant.

3 Results and Discussion

The STEC values recorded at the GPS stations at
GNT and MPM over the month of January 2015 have
been processed to detect ionospheric spatial and
temporal gradients. GPS signals at low elevation
angles have to travel longer distances than those at
high elevation angles resulting in a greater path loss.
Signals at low elevation angles are also corrupted by
multipath propagation due to obstacles in their path.
Therefore, only elevation angles above 30 degrees
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have been considered while calculating all the
ionospheric parameters.

For demonstration, the data on 9 January 2015 for
PRN 3 has been considered. The 9 January 2015 was
a geomagnetically quiet day with Kp index of 2. The
STEC values at the two stations are shown in Fig. 3.
The variations in the STEC values in Fig. 3 indicate
turbulence in the ionosphere from 2000 to 2030 hrs
LT. A maximum STEC value of 42.58 TECU is
recorded at GNT station and a maximum value of
41.20 TECU was recorded at MPM station.

The auto detection of ionospheric gradient can be
done by calculating the ROTI values using
Egs (2 and 3). Here, ROTI values of GNT and MPM
stations have been evaluated using a sliding window
of 10 minutes duration as shown in Fig. 4. The
maximum value of ROTI indicates the presence
of a gradient. Figure 4 shows that ROTI values of
GNT and MPM are high between 2000 and
2100 hrs LT. GNT has a maximum ROTI value of
0.9983 TECU/min at 2045 hrs LT and MPM has a
maximum value of 1.6868 TECU/min at 2028 hrs LT.

The first order and second order numerical
differentials of the STEC values of GNT and MPM
stations on 9 January 2015 for PRN 3 are calculated
using Eqgs (4) and (5), respectively. The first order
differential is shown in Fig. 5 and the second order
differential is shown in Fig. 6. The large variations in
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Fig. 4 — ROTI values for KLU Station on 9 January 2015 for
PRN 3

the first order differentials of GNT and MPM indicate
a disturbance in the interval 2000 - 2030 hrs LT. The
high values of the second order differential during the
same time interval reinforces the conclusion made
from Figs 4 and 5.

The difference in the STEC values of GNT and
MPM according to Eq. (6) is shown in Fig. 7.
After the presence of ionospheric gradient is detected,
the STEC plot of GNT is shifted to the mean value of
MPM in order to remove the difference in the receiver
biases using Eqgs (6 and 7) (Ref. 3) as shown in Fig. 8.

In order to calculate the velocity of the gradient
with a higher accuracy, STEC values during the
period of disturbance only are considered. The STEC
values during the disturbance period from 2018 to
2030 hrs LT are shown in Fig. 9.

The cross-covariance of STEC values of GNT and
MPM and the auto covariance of STEC values of

5
17 18 19 20 21
TIME. hrs LT

— GNT
— MPM

FIRST ORDER

DERIVATIVE OF
STEC. TECU min™
(=]

—tn
=]

Fig. 5 — First order differential of STEC measured at GNT on
9 January 2015 for PRN 3
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9 January 2015 for PRN 3
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9 January 2015 for PRN 3
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GNT are calculated using Eqgs (9) and (10),
respectively. The cross covariance and auto
covariance are shown in Fig. 10. The auto covariance
of STEC values during the disturbance period at GNT
station has a maximum at sample number 9 and the
cross covariance of the STEC values of GNT and
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Fig. 8§ — Shifted STEC on 9 January 2015 for PRN 3
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Fig. 9 — STEC values during the disturbance period on 9 January
2015 for PRN 3

200

MPM station, during the disturbance period between
2018 and 2100 hrs LT, has a maximum at sample
number 14 as shown in Fig. 10. The samples are taken
at intervals of 60 seconds. The time lag between the
cross covariance of GNT and MPM and the auto
covariance of GNT is found to be 300 s. The distance
between GNT and MPM is 56.79 km, which gives the
velocity of the gradient as 189.3 ms™ using Eq. 8.

The IPP latitudes and longitudes are calculated
using Eqs (10 - 12). The spatial gradients using the
Time-Step method is computed from Eq. (13) for both
GNT and MPM stations and the same are depicted in
Fig. 11. The IPP distance between consecutive epochs
for the two stations lies between 3.2 and 7.7 km. The
spatial gradient is found to have an average value of
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Fig. 10 — Covariance of STEC values at GNT and MPM during
disturbed period on 9 January 2015 for PRN 3
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Fig. 11 — Spatial gradients for GNT and MPM on 9 January 2015 for PRN 3 using: (a) Time-step method; and (b) Station-pair Method
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22 mm km™ over the entire day on 9 January 2015 for
PRN 3 but during the disturbance period, it reaches a
maximum value of 86.6 mm km™ at 2028 hrs LT over
GNT and 161.4 mm km™ at 2038 hrs LT over MPM.
The high values of spatial gradients between 2000 and
2030 hrs LT coincide with the time of occurrence of
temporal gradients as seen in Fig. 3.

The spatial gradients from Station-pair method are
shown in Fig. 12. The distance between the IPPs
corresponding to the two stations lies in the range
53.71 - 59.67 km. The maximum value of the spatial
gradient is found to be 25.04 mm km™ at 2028 hrs LT.

Ionospheric disturbances can also be detected by
observing the amplitude scintillation (S4) and phase
scintillation. When a radio signal from a GNSS
satellite passes through a disturbed ionosphere, it
undergoes rapid fluctuations in amplitude and phase
due to the dispersive nature of the medium. These
fluctuations are called scintillations and they indicate
the amount of inconsistency in the radio signal. An S4

value of greater than 0.6 and likewise a phase
scintillation value of 0.5 and above indicate strong
disturbance'®. Figure 12 shows the S4 and phase
scintillation on 9 January 2015 for PRN 3. The
maximum value of S4 recorded at GNT 0.726 at
2029 hrs LT. At MPM, the maximum value of S4 is
recorded as 0.83 at 2036 hrs LT. The maximum
values of phase scintillation during the disturbance
period at GNT and MPM are recorded to be
0.65 radians at 2027 hrs LT and 0.71 radians at
2035 hrs LT, respectively. The high values of S4 and
phase scintillation indicate strong scintillation, which
occurred as a result of the spatial and temporal
gradients. Figure 13 shows that the spatial gradient
calculated by the Time-step method at GNT has a
maximum value of 102.4 mm km™ for PRN 23 and at
MPM, it is 129 mm km™ for PRN 9. The Station-pair
method used to measure the spatial gradients as seen
at both GNT and MPM stations simultaneously and it
had a maximum value of 35.27 mm km™ for PRN 23.
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Fig. 12 — S4 and phase scintillation on 9 January 2015 for PRN 3
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Fig. 13 — Spatial gradient values evaluated using Time-step and Station-pair methods and velocities of the gradients
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Table 1 — Summary of the ionospheric gradients for January 2015 at GNT and MPM stations

Date PRN STEC, TECU ROTIL TECU Time, hrs LT Velocity, Spatial gradient, mm km! S4 Phase
(hh:mm) ms’! Time-Step  Station-Pair scintil.lation,
radians

GNT MPM GNT MPM GNT MPM GNT-MPM GNT MPM GNT MPM

08Jan2015 14 53.34 5131 0.15 0.11  11:30-15:00 3155 3132 29.04 8.90 0.15 0.15 0.08 0.24
09Jan2015 3 425 412 099 1.68 19:00 189.3 4331 80.74 25.04 043 0.11 04 0.14
09Jan2015 9 25.60 20.69 1.33 1.72 22:48 3155 66.75 129.0 24.72 0.22 0.11 020 0.14
09 Jan 2015 23 31.56 2554 2.28 0.87 22:30 157.7 102.4 43.96 35.27 0.63 0.11 030 0.14
09Jan 2015 31 5944 63.68 0.08 0.08 13:45 3155 12.04 1342 11.56 0.08 0.11 0.10 0.14
10Jan 2015 21 55.28 5327 2.04 1.19 12:00-13:00  473.2 224.8 176.48 12.71 0.62 0.87 048 0.24
11Jan 2015 31 5598 5935 0.09 0.09 14:30-15:00 157.7 119.6 50.52 13.83 0.09 0.11 0.10 0.16
14 Jan 2015 21 58.34 55.02 0.11 2.7 9:12-10:00 118.3 229.6 183.42 14.41 0.13 0.15 0.13 0.16
18 Jan 2015 28 39 3485 0.96 244 21:30-22:30 126.8 1343 192.77 56.37 044 058 041 048
19Jan 2015 11 16.55 1223 1.31 0.69 21:30-23:30 105.1 7521 84.54 21.04 0.19 0.13 0.15 0.14

20 Jan 2015 28 35.37 34.54 6.52 417  21:30-23:00 189.3 348.2 297.46 66.82 085 072 062 0.5
21Jan2015 9 22.02 20.56 2.82 221 20:30-21:30 157.7 95.76 98.04 50.77 0.29 038 024 047

22 Jan2015 9 32.53 33.67 3.63 7.53  21:00-22:00 236.6 138.5 169.7 50.74 0.54 058 058 05
25Jan2015 9 2841 27.12 3.61 1.03  21:00-22:00 3155 136.1 112.24 42.25 045 037 046 0.19
26 Jan 2015 9 5458 5347 2.17 436 21:00-22:00 294.6 217.6 240.01 44.07 049 054 054 0.18
27Jan 2015 19 4742 41.19 4.73 2.6 20:00-21:12 289.3 2234 227.97 62.42 0.79 049 046 0.88

Only PRNs 3, 9, 23 and 31 were affected by the
ionospheric gradients on 9 January 2015. The gradient
velocities measured for these PRNs are shown in

Fig. 13. A maximum value of 315.5 mm km™ is found
at PRN 9.

A summary of the affected satellites and the
maximum values of the important parameters, namely
STEC, ROTI, spatial gradients, S4 and phase
scintillation along with the duration of the disturbance
is detailed in Table 1. Only the satellites signals,
which pass through disturbance, are affected.
The velocity of the gradient varied from 105.16 to
47325 m s'. The S4 and the phase scintillation
had a maximum value of 0.878 and 0.65 radians,
respectively in January 2015. The disturbance period
was predominantly in the post sunset hours between
2000 and 2200 hrs LT, which is the usual behaviour
of ionosphere in the low latitudes®.

4 Conclusion

GBAS systems improve positioning accuracy in
civil aviation by providing differential corrections to
the GNSS data. Out of the various errors that a GNSS
signal encounters, ionospheric error is the most
difficult to mitigate. In this study, an attempt has been
made to detect the spatial and temporal gradients in
the ionosphere in the low-latitude regions at the
Guntur (GNT) and Machilipatnam (MPM) stations
over the month of January 2015. ROTI and numerical

differentiation techniques were used to detect the
gradients and the velocity of the gradient was
computed using covariance of the STEC values. The
IPPs were calculated, which were used to find the
ionospheric spatial gradients. The amplitude and
phase scintillations were also observed. The spatial
and temporal gradients and the scintillation values
indicated a strong ionospheric disturbance between
2000 and 2100 hrs LT. The methodology used in this
study is simple, yet effective in evaluating the
characteristics of ionospheric gradients. This study
can be furthered by measuring the resulting Doppler
shifts to establish exact direction of the ionospheric
gradient and proposing corrections to the aircraft
receiver during the disturbance period.
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