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STUDY OF GPS BASED IONOSPHERIC SCINTILLATION AND
ITS EFFECTS ON DUAL FREQUENCY RECEIVER
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Abstract:
Post-sunset disturbances in the equatorial ionosphere
routinely cause rapid phase and amplitude fluctuation (i.e.
Scintillation) of radio waves propagating through the
disturbed regions. The phenomenon of scintillations
particularly in the L-band has received considerable
attention in recent years because of its detrimental effects on
communication and navigational systems like GPS (Global
Positioning System). Amplitude scintillations induce signal
fading and when the depth of fading exceeds the fade margin
of a receiving system, message errors in satellite
communication systems are introduced. Scintillation is not a
transient phenomenon like the geomagnetic storms but is
prevalent mostly during quiet periods of equinoctial months.
This paper presents a study of L-band scintillations for the
year 2005 from Bhopal (23.2º N, 77.6º E) which is located
under the equatorial anomaly crest. A GSV4004A GPS
receiver has been operational which provides the total
electron content and L-band scintillation. The variations of
occurrence of scintillation with time, season and magnetic
activity has been discussed with the responses of dual
frequency GPS receiver during severe scintillation. The result
shows that very intense scintillation can degrade GPS
location accuracy by limiting the number of satellites
available for position fixes.
Key Words: Equatorial ionosphere, L-band scintillation,
GPS, geomagnetic storms, total electron content, equatorial
anomaly crest.
I. INTRODUCTION
The ionosphere is a dispersive medium, in which radio
frequency signals are refracted by an amount dependent upon
signal frequency and ionospheric electron density. The rapid
fluctuations of the phase and intensity of a radio signal that
has passed through the earth's ionosphere, typically on a
satellite-to-ground propagation channel, is known as
scintillation. In GPS, amplitude scintillations may cause
degradation of position fixing by standalone GPS receivers
[1-2], data loss and cycle slips [3]. Severe phase fluctuation
may stress phase-locked loops in GPS receivers and give rise
to loss of phase lock. During scintillations, In GPS,
irregular phase fluctuations are imposed on a
transionospheric radio wave and amplitude fluctuations are
developed by a diffraction process as the wave propagates in
the free space beneath the ionosphere. Overall in the presence
of scintillations, the performance of communication and
navigation system is degraded. Hence in order to provide

support to operational communication and navigation
systems, the magnitudes of amplitude and phase scintillations
and the temporal structures of scintillations need to be
specified. Mainly two areas of globe particularly troubled by
scintillation are sub-auroral to polar latitude and a belt
surrounding the geomagnetic equator. Scintillations are most
severe in the equatorial region, where they often occur after
sunset, and attain maximum intensity around the peaks of the
Appleton anomaly (15º N and S of magnetic equator) [4]. The
electron density irregularities associated with scintillation are
generated in the bottom side of post sunset F-region over the
magnetic equator by the Rayleigh-Taylor instability
mechanism and then rise up and align along magnetic field
lines propagating to higher latitude [5]. The irregularities
while diffusing along field lines break into small patches
which are observed in the form of scintillations with small
patch duration at low latitudes [6]. With increasing interest in
understanding the behavior of ionospheric irregularities near
the magnetic equator some excellent efforts have been made
to examine the solar and magnetic activity control over the
occurrence of scintillation associated with ionospheric
irregularities [7-11].
Since ionosphere is a dispersive medium that lies on the signal
path between the orbiting GPS and Satellite-Based
Augmentation System (SBAS) satellites and the users, the
ionosphere refracts the broadcast RF wave by an amount
proportional to the total electron content (TEC) along its path
and as a function of the signal frequency. With the advent of
the GPS based navigation, there is a renewed interest in
scintillation studies. It is because the scintillation not only
degrades the received signal, the plasma density variations
associated with the scintillation, that manifest as variations in
the total electron content (TEC), introduce large range errors.
It is well known that ionospheric scintillation has the potential
to affect all types of GPS receivers and the most severe natural
scintillation in the world occurs in the nighttime equatorial
ionosphere. Therefore, it is desirable to obtain further
understanding of ionospheric scintillation and its effects on
GPS by means of a receiver capable of performing its
operations in such conditions. So to monitor this region the
GISTM receivers were deployed at a number of low latitude
sites and functioned well through the mid-nineties, a period of
low solar activity. To investigate equatorial scintillation
dynamics and evaluate the performance of GPS receiver
during scintillation period, the preliminary results are
presented here for scintillation impacts on GPS
communication and navigation.
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II. IONOSPHERIC SCINTILLATION MONITORING
AND METHODOLOGY
Using a GPS ionospheric scintillation and TEC monitoring
(GISTM) dual frequency L1 (1575.42MHz) and L2
(1227.60MHz) receiver, data were recorded at Space Science
Laboratory, Department of Physics, Barkatullah University,
Bhopal (lat. 23.2º N, long.77.6º E). The data analyzed and
discussed in this paper used from January 2005 to December
2005. This receiver provides total electron content (TEC) as
well as the measurements of amplitude and phase
scintillations in the forms of S4 and σΔΦ, updated at oneminute intervals at a 50-Hz rate and code/carrier divergence at
a 1-Hz rate. During the observed scintillation, the receiver
records the lock-time which is defined as the time required for
the receiver to lock onto a satellite and carrier-to-noise ratio
(C/No). For the data to be useful the receiver must maintain
lock for more than 240 seconds. This is the time required for
the detrending HPF (High Pass Filter) to re-initialize lock
with the carrier phase signal. If the receiver loses lock on a
satellite for less than 240 seconds unrealistic high phase
values are present (greater than expected for scintillation) and
so the phase data is ignored.
Amplitude Scintillation
Amplitude Scintillation is obtained by monitoring the index
S4. The S4 index is derived from detrended signal intensity of
signals received from satellites Van Dierendonck et al [12].
The S4 index, which includes the effects due to ambient noise,
is defined as the normalized root mean square of the power P
divided by the average power P as follows:
(1)
where áñ represents the average values over a 60-second
interval.
Removing the Effects of Ambient Noise
The Total S4 defined in equation 1 has a significant amount of
ambient noise associated with it, which needs to be removed
before further analysis. This is achieved by estimating the
average signal-to-noise density (S/No) over a 60-second
interval. This estimate is then used to determine the expected
S4 due to ambient noise (also known as S4 correction) as
follows:

Replacing the S/No with the 60-second estimate, S/No, gives
the S4 due to noise. Hence, subtraction of equation (1) and (2)
yields equation (3), which is the S4 with the effect of ambient
noise removed.
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Phase Scintillation
Phase measurements are obtained by monitoring the standard
deviation, σ?Φ, and the power spectral density of the
detrended carrier phase from signal received satellites. The
spectral slope is measured above 1 Hz from detrended carrier
and the spectral strength is measured at 1 Hz from detrended
carrier. The detrending of the carrier phase is achieved by
passing the raw 50 Hz phase measurements through a sixthorder high-pass Butterworth filter. This removes all the low
frequency effects below its cut-off of 0.1 Hz Van Dierendonck
et al [13]. The σ?Φ's are computed over 1, 3, 10, 30 and 60
second intervals at every 60 seconds using the 50 Hz
detrended phase measurements. The 1, 3, 10, 30 and 60
seconds σ?Φ's are further averaged over the 60-second
interval.
Total Electron Content
The electron density is obtained by summing the number of
electrons in a vertical column with a cross-sectional area of 1
2
m , extending from the GPS satellite to the receiver. The
electron density thus obtained is termed as the Total Electron
Content (TEC) Klobuchar, [14] and is mathematically
expressed as:
TEC = ∫ p N ds (4)
-3

where N is the electron density m and p is the propagation
path between the satellite and the detector. A TEC unit is
16
-2
defined as 1×10 electrons m . TEC measurements are
generally derived from satellite radio signals observed at
various angles, and are normally expressed as an equivalent
vertical TEC by dividing the slant TEC by the secant of the
elevation angle at a mean ionospheric height (i.e., 350 – 400
km). Here, vertical TEC is used, as it is more easily
comparable than slant values at various angles. A different
scale of ionospheric irregularities can be described by using
the distributive variation of the Ionospheric TEC, which can
be retrieved from a GPS signal. Monitoring the timederivative of TEC (ROT, rate of change of TEC) is useful for
tracing the presence of irregularities. Equation (5) shows the
algorithm to calculate ROT [15].
i

ROT = TEC k - TEC
( t k – t k-1 )

i
k -1

where i is the visible satellite and k is the time of epoch.
The observations of amplitude scintillation for the year 2005
are described in this paper. Statistical calculations were
further limited to those measurements made from satellite
with elevation angle greater than 30° to limit multipath
interference. The parameters adopted at this work are: S4 ≥
0.05 and S4 ≤ 0.2 for very weak scintillation; S4 ≥ 0.2 and S4
≤0.4 for weak scintillation; S4 > 0.4 and S4 ≤0.6 for moderate
scintillation; and S4 > 0.6 for strong scintillation. In this
analysis, we consider only data with S4 larger than 0.2. The
average annual variations of scintillation occurrences (%) for
the year 2005 are shown in fig 1. In this case the percentage of
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occurrence is computed by the ratio between the total number
of observations of each month with scintillation (S4>0.2) to
the total number of observations during the whole year with
scintillation and the time of epoch was 0000-2400 hrs LT. This
is the mostly used method to study the occurrence of
ionospheric irregularities causing scintillations in the GPS
satellite signals [16-17]. It is observed from the Fig.1 that the
scintillation occurrence is maximum in March and January
while minimum in November and May. This figure also
reveals that maximum scintillation occurrence was below 0.2
along the year which shows that much weak scintillations
affect the GPS satellites signals at equatorial latitudes. Once
the electron density is lower close to the dip equator and also
due to the absence of turbulences at the Fresnel length the
scintillations at L-band frequencies are weak in the magnetic
equator. The equinoxial maxima are explained on the basis of
the alignment of the solar terminator with the magnetic
meridian in both the hemispheres [18]. Over the sunlit
hemisphere, the E-region ionization short circuits the
polarization electric fields developed in the F-region during
the evolution phase of the ESF irregularities. During the
equinox, the solar terminator aligns closely with the magnetic
meridian, thereby simultaneously decreasing the
conductivity of the E-regions that are magnetically conjugate
to the F-layer, through which currents flowing along the
geomagnetic field lines connect the F-region to the E-regions
on either side of the equator (which acts as a short circuit over
the sunlit hemisphere). This alignment causes the decrease in
E-region conductivity, which opens or releases the F-region
dynamo electric field, which, in turn, produces the E×B
upward drift of the equatorial F-layer, creating favorable
conditions for the generation of plasma irregularities during
the equinox months, as seen from the figure 1 & 2.

Summer. Figure2. shows a remarkable seasonal variation. It
shows that scintillation activity is maximum during equinox
months while minimum in summer months. In case of
seasonal variation, percentage occurrence of scintillations is
maximum in pre-midnight hours and minimum in post
midnight hours during equinox and winter months while in
summer months the maximum occurrence of scintillation is in
the post-midnight hours and minimum in pre-midnight hours.
As reported by Makela et al.[19], post midnight extension of
GPS scintillations are due to the overall increase in the
ionospheric electron density.
The most basic potential source to generate the post sunset
ionospheric plasma irregularities is the evening uplift of the
F-layer at equatorial latitudes, produced by an enhancement
in the zonal (eastward) electric field, widely called as the prereversal enhancement (PRE). Therefore, such increase in the
PRE could be a basic requirement to explain an increase in the
GPS scintillation activity from one season to another. The
stronger the evening PRE the higher is the plasma density at
higher altitudes in the equatorial F-region and, consequently,
more large density deviations (?N) might occur at that height.
Once the scintillation depends strongly on the electron
density fluctuations (?N) [20], larger ?N could be a significant
source for higher scintillation occurrence to be observed at
equinoctial and winter months. A good number of workers
have studied the effect of seasonal variation of scintillations
for many years at equatorial and low latitudes and had the
same results [21, 22, 7,8, 10].

Fig1. Annual variation of percentage occurrence s
cintillation for the year 2005

Seasonal variation of scintillations
To study the nocturnal variations of percentage occurrence of
scintillations for the three seasons, we grouped all the months
in three categories corresponding to Equinox, Winter and
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Fig 2. Nocturnal variation of the percentage occurrence
of amplitude scintillations for three different seasons
Figure 3 shows the monthly mean percentage of occurrence of
scintillation during pre-midnight (1800-2400 hrs LT) and
post-midnight (2400-0600 hrs LT) period for each month. It is
seen that pre-midnight occurrence of scintillation was
predominant in most of the months except in the month of
June, July and August, when post-midnight scintillation was
predominant. Pre-midnight scintillation was found to be
maximum in March while post-midnight scintillation
maximized in July. May showed same duration of premidnight and post-midnight scintillation.
During the pre-sunset period, the eastward electric field is
increased, causing an increase in F-layer height [23]. A
negative excursion of ring current during this period would
lower the local eastward electric field and reduce the F-layer
height. This effect may sometimes be large enough to reverse
the upward movement of F-layer during the post-sunset
period, thereby inhibiting the creation of irregularities. This
may result in a suppression of pre-midnight scintillations over
most longitudes during periods of intense magnetic activity.
However, scintillations may continue to appear at some
longitudes. At midnight and during the post-midnight period
when the electric field is westward and the F-layer height is
falling, the ring current may create a short-lived eastward
electric field. This may cause the F-layer height to rise
momentarily before failing again. Such a situation may create
irregularities and this might be the cause of scintlllations
during premidnight and post midnight periods. Sastri et al.
[24] have suggested that even in the presence of favorable
conditions, like an eastward electric field, some as yet
unidentifiable factors may suppress the generation of fresh
irregularities in the post-midnight period. Using the
measurements of thermospheric neutral wind and
irregularities drift, Valladares et al. [25] have investigated the
coupling between ions and neutrals at the equatorial latitudes.
They have related the variability of this coupling to the
occurrence of scintillations.
Scintillation occurrence and the satellite elevation angle
To study the occurrence of equatorial scintillations at Bhopal
we used the S4 index greater than 0.2. The 0.2 threshold for the

58

Fig 3. Monthly percentage occurrence of amplitude
scintillations during pre-midnight and post-midnight

S4 index can be considered to be above the level of noise and
multipath effects. On the other hand, it cannot be true for
satellites tracked at low elevation viewing angles. For many
purposes, it is acceptable to use GPS satellites above 30º of
elevation angle to minimize effects of geometric factors in the
S4 index calculation. To minimize any external influence that
may biases our results we used only satellites with elevation
angles above 30º. This angle mask reduces the variations of
the ionospheric distances at the scattering height due to the
satellite movement and ensures that only the local ionosphere
over the observation site is being sampled [26]. Figure 4
shows the percentage of GPS satellites whose signals are
scintillating at different elevation angles. It is calculated from
the ratio between the numbers of scintillating GPS satellites
tracked above 30º, 45º, 60º or 75º, by the total number of
observations computed during the entire nights throughout
January 2005 to December 2005. It can be seen from the
figure that the number of affected GPS satellites reduces
significantly from ~43% to ~8% when the elevation mask
increases from 30º to 45º. It happens mainly because the
number of satellites available at higher elevation angles
decreases. Otherwise, we cannot neglect other important
factors such as the lower the elevation angle the weaker is the
received signal and consequently, larger can be the S4 index
value than that physically expected. Normally, the number of
satellites available above 45º is one to four, but for elevation
mask of 60º it reduces from zero to three at most of the time.
The IPP is the parameter that represents the assumed altitude
of the centroid of the mass of the ionosphere [27], which is
mostly used in the calculation of converting the measured
slant TEC into vertical TEC (VTEC). Recently, Rama Rao et
al. [28] have shown, for the Indian sector, how sensitive is the
value of TEC when used data from satellite passes with
elevation angles lower than 50º. They reported that an IPP of
350 km may not be valid when GPS satellites with elevation
angles lower than 50º are used for regions where the spatial
and temporal variation of TEC are significant. This is also
what happens over the Bhopal region, where the ionosphere
covers the magnetic equator. Moreover, the use of high
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satellite elevation angles is the most appropriated to study
simultaneous co-existence of scintillations with the plasma
bubbles signatures obtained from different techniques of
measurements.

Fig 4. Percentage occurrence of amplitude scintillations
with elevation angles during 2005

Effect of Magnetic Storm
The role of magnetic storm associated with the occurrence of
L-band scintillation at Bhopal is examined. The planetary
magnetic activity indices Kp, the Dst values, Bz-component
of the IMF, auroral indices AU and AL and the occurrence
time of scintillation activity during 21-January 2005 storm are
the sources of our study. Figure 5 shows Kp, Dst and IMF-Bz
plots in the three upper panels. Fourth panel shows the AU &
AL indices and last panel shows the scintillation occurrence
with time. Dst value shows minima at 2200 UT with -99 nT on
21 January 2005. The Kp values shows a maximum of 7.
According to Aarons [29] this was a Category 1 storm. We can
see from the figure that only on 22 January 2005, there was no
observed scintillation activity. During the event, the Bz-IMF
was strongly positive with 12 nT and a quiet recovery phase of
the ring current without additional injections was observed on
the Dst-plot. After 1800 UT, the main phase of the storm
started with increasing AL (776 nT) and AU but later at 2000
UT AU starts decreasing and reaches its value with 368 nT. It
should be noted that the auroral electrojet has a faster
recovery phase than the ring current, as one can see from the
AL and Dst plots. Thus, conditions for the generation of
scintillation activity during the storm recovery phase were not
satisfied at this sector of the equatorial ionosphere. The
example considered indicates that there can be different
causes for generation or inhibition of the equatorial
scintillations. Iigima and Potemra [30], showed that the
location and intensity of the field-aligned currents (FAC) are
determined by the Bz and By components of the IMF.
According to the model of Sizova and Pudovkin [31], electric

field of the field-aligned currents penetrates through the midlatitudes to the low-latitude ionosphere and creates the
additional equatorial electric fields. These electric fields
modify the equatorial electrojet and the ionospheric plasma
vertical drift velocity. If the Bz IMF is negative, the equatorial
electrojet is enhanced by the FAC and plasma moves upward
away from the F-layer. In this case a maximum of the F2-layer
is observed at the high altitudes where irregularities are
observed. Therefore, the FAC are in the continuous dynamics,
thereby becoming responsible for the complicated nature of
height variations at the equator. During the positive Bz IMF
the F-layer cannot rise up 350km for the generation of
scintillations. As shown by Burton et al. [32], Sizova and
Zaitseva [33]. Pudovkin et al. [34] the magnetospheric ring
current intensity is strongly dependent on the variations of the
Bz IMF. The magnetospheric ring current cannot directly
penetrate to the equatorial ionosphere, though these are
models with closed partial ring current through the polar
ionosphere [35]. According to the model of Sizova and
Pudovkin [31], electric fields of the field aligned currents
penetrate through the mid-latitude to the low latitude
ionosphere and create the additional equatorial electric fields.
Under the additional eastward electric field, the height of the
F-region rises high enough where scintillation irregularities
can be generated. The generation or inhibition of irregularities
during the main phase/recovery phase of a magnetic storm
depends upon the location of the station and local time. The
inhibition and generation of irregularities during enhanced
magnetic activity period are explained by considering
changes in the electric field. The role of the storm time electric

Fig. 5 : Scintillation associated with magnetic storm of
21-January 2005. The upper three panels shows the
Kp, Dst and IMF Bz indices and fourth panel shows
the AU & AL indices.
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field is very complex. It appears that the magnetospheric
electric field changes related to the ring current intensification
are not sufficient to explain all of the observations of
inhibition and the generation of low latitude ionospheric
irregularities during the night. Apart from the ring current,
there are several other factors which shape the development
of irregularities, such as the ion-neutral collision frequency,
neutral wind, large scale plasma density gradient, gravity
wave etc. A magnetic storm enhances the interplay of these
parameters and hence their contributions should be
considered separately.
IV. CONCLUSION
This paper presents a study of equatorial scintillations
particularly at L-band from GPS satellites observed at
Bhopal. Bhopal is located near the crest of the equatorial
anomaly and severe scintillation on L-band are frequently
observed at this station in the pre sun-set hours of equinoctial
months. The percentage occurrence of weak (S4>0.2)
scintillations is maximum at the equatorial region, owing to
the presence of low ambient electron densities and low
gradients accompanied by the presence of large-scale length
irregularities at the equator during the low solar activity
conditions in the year 2005. In this paper we also presented
our initial approach to correlating scintillation data with the
TEC behavior given by dual-frequency data and to monitor
the number of losses of lock of the L1 signal with C/No. on an
operational basis that provides an indication of the level of
influence of scintillation activity on GPS. The occurrence of
strong scintillations is mostly confined to 15º to 25º N
geographic latitudes i.e. 5º to 15º N geomagnetic latitudes in
the Indian region. Result shows that intense equatorial
scintillations may disable satellite-based communication and
navigation systems like GPS and SBAS for a considerable
period of time resulting in position errors and loss of data. The
statistical study of the fading amplitude and duration is very
important to design GPS receivers more robust to ionospheric
scintillation and this study also for solar minimum conditions
is been performed.
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