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ABSTRACT

The low latitude ionosphere poses a challenge to both
GPS users and Satellite-Based Augmentation System
(SBAS) providers.  Single and dual frequency GPS
receivers used in low-latitude regions can suffer from
rapid amplitude and phase fluctuations known as
scintillation.  Scintillation occurs when the GPS or SBAS
satellite signal travels through small-scale irregularities in
electron density in the ionosphere, typically in the
evening and nighttime in equatorial regions.  Frequent
scintillation and high rates of change in Total Electron
Content (TEC) can cause loss of lock to dual frequency
and even single frequency receivers.  At these times, GPS

users in low latitudes can experience decreased levels of
accuracy and confidence in stand-alone positioning.

We present observations of scintillation and its effects on
stand-alone positioning at a station in Rio de Janeiro,
Brazil, during a two-week span in February of 2002, a
post solar maximum year.   A GPS Silicon Valley
Ionospheric Scintillation Monitor (ISM) is colocated with
a dual frequency MiLLennium receiver.  The ISM
provides measurements of amplitude scintillation at L1
once per minute via the S4 index of normalized standard
deviation of signal intensity.  Multipath can inflate S4,
falsely indicating ionospheric scintillation activity, and is
removed with the use of a multipath/scintillation
discriminating technique.

Positioning is performed post-process by iteratively
solving a linearized model of the range equations.  For
single frequency measurements, the ionosphere is
estimated using the GPS broadcast ionospheric model.
Dual frequency positioning has the advantage of
exploiting direct measurements of TEC.  We use carrier
phase leveled measurements of TEC, when available, to
estimate position accuracy available to a dual frequency
user experiencing scintillation.  For these TEC
measurements the satellite and receiver inter-frequency
biases have been estimated.

We present nighttime observations of TEC in Brazil and
the relationship between high rates of TEC and amplitude
scintillation.  The effects of scintillation on both a single
frequency receiver and dual frequency receiver’s
available constellation for positioning are shown.  In
addition, a dual frequency user’s L2 availability is shown,
as this impacts one of the main advantages of a dual
frequency receiver: the ability to directly measure and
remove the error due to the ionosphere.  We aim to
illustrate what kinds of effects the single frequency user
and the dual frequency user can expect to experience, and
what kind of result this can have on the accuracy and
confidence in their position solutions.



INTRODUCTION

The ionosphere is a region of the atmosphere at an
altitude of several hundred kilometers whose defining
feature is the presence of free electrons stripped from
atoms by solar ultraviolet radiation.  As 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.  This error term is on the order of
meters and affects GPS users worldwide.

Observed ionospheric behavior varies over the earth and
can be generalized into auroral, mid-latitude, and
equatorial areas. The geographic bands 10-15° north or
south of the magnetic equator are referred to as the
equatorial anomaly region, due to the occurrence of the
Appleton anomaly.  This anomaly is a daily evening-time
peak in TEC that follows the local midday peak.  The
anomaly peak is both spatially and temporally highly
variable and may reach higher magnitude than the midday
peak.  Small spatial irregularities in the ionosphere
typically develop during and after the Appleton anomaly.

These small-scale irregularities in electron density can
diffract the signal, leading to rapid fluctuations in signal
intensity, known as amplitude scintillation [Skone 2000].
Amplitude scintillation can be severe enough that the
received GPS signal intensity drops below a receiver’s
lock threshold, forcing the receiver to reacquire the signal
[Doherty 2000].  Amplitude scintillation is measured by
the S4 index, which is essentially a normalized standard
deviation in the signal intensity over 60 seconds.

Figure 1: Ionospheric amplitude scintillation as
captured by S/N, S4, and TEC measurements.

Figure 1 illustrates the characteristics of amplitude
scintillation described above.  The uppermost plot of
detrended signal-to-noise ratio over time demonstrates

that the receiver experiences a great deal of scintillation
on this line of sight around 01:00 UT, and to a lesser
extent at 02:00 and again after 03:00.  The corresponding
S4 values, shown in the middle plot with the periods of
scintillation highlighted in red, confirm these findings.
The measurements of TEC are in the bottom plot, where
distinctive ionospheric structure that coincides with
periods of scintillation may be seen.  The data shown in
this plot are from the data set analyzed further in this
paper, whose content and processing are described in
subsequent sections.

Figure 2: Effect of amplitude scintillation on
availability of L1 and L2 data.

The effect of ionospheric amplitude scintillation on a GPS
receiver is illustrated in Figure 2.  The S4 value at L1
along one line of sight is plotted across the top, with
periods of scintillation highlighted in red (see description
of S4 data processing below).  Epochs for which L1
measurements are unavailable, henceforth referred to as
“dropouts” or “outages”, are marked with black circles, as
are L2 data outages.  These dropouts are important
because the loss or gain of a satellite’s measurements
effectively changes the available constellation of a user
who wishes to perform stand-alone positioning.  There is
a correlation between periods of scintillation measured at
L1 and the occurrence of dropouts on L2.  This figure
makes clear that scintillation can even be severe enough
to cause data outages on the civilian L1 frequency.  At its
worst, scintillation can cause the very receiver designed to
track it and provide the S4 measurements to lose lock.

Another form of scintillation, known as phase
scintillation, occurs from rapid phase variations in the
signal after traveling through these same small-scale
ionospheric irregularities.  Phase scintillation may lead to
cycle slips and loss of lock for receivers as they track the
signal.  Phase scintillation is quantified by σ∆ϕ, the
standard deviation of the detrended phase over an interval
of up to 60 seconds.  Phase scintillation is not addressed
in this paper.



Figure 3: Fading depths at L-band worldwide for solar
maximum and solar minimum.

Scintillation activity is both geographically and
temporally dependent.  The 11-year solar cycle, local
season of the year, and geomagnetic location all play a
role in degree of activity [Basu 1988].   Figure 3 shows
the worldwide occurrence of worst-case fading at L-band
frequencies during the peak of the solar cycle (left), and
during solar minimum (right).  The figure of the earth is
oriented with the sunward-side on the left, and the
nighttime side on the right.  The strongest signal fading
occurs for a few hours after sunset in the equatorial
anomaly regions north and south of the magnetic equator
and is more severe during heightened solar activity.

DATA AND IONOSPHERIC MEASUREMENT
PROCESSING

The data analyzed and discussed in this paper come from
two colocated stationary receivers in the equatorial
anomaly region during a post-solar-maximum year. One
source is NovAtel’s dual frequency MiLLennium
receiver, which tracks L1 and L2 (semi-codelessly) to
provide pseudorange and carrier phase measurements at
30-second intervals.  This receiver is part of the Brazilian
Test-Bed (BTB) being developed by the FAA in South
America.

The other receiver is the Ionospheric Scintillation Monitor
(ISM) manufactured by GPS Silicon Valley (GSV).  This
receiver provides measurements of amplitude and phase
scintillation at L1, in the forms of S4 and σ∆ϕ, updated at
one-minute intervals.  The ISM has wide-bandwidth
tracking loops to maintain lock longer during the high
rates of scintillation, and samples at a rate of 50 Hz to
calculate the scintillation statistics S4 and σ∆ϕ [Van
Dierendonck 2001].  The wide bandwidth provides a
considerable improvement in monitoring, but the ISM is
still somewhat susceptible to extremely severe
scintillation.  In these cases it is forced to reacquire and
accumulate data for four minutes before resuming output.

The receivers were placed in Rio de Janeiro, Brazil,
which is located at 15° south magnetic latitude.  These
receivers recorded data from 15 – 28 February 2002, less

than two years after the 2000 peak of the solar cycle.  In
the Americas, “scintillation season” takes place from
September to March [Sobral 2002], so February is a
reasonable time to expect to experience and measure
scintillation.

TEC measurements are derived from the dual frequency
data of the MiLLennium receiver.  The carrier phase
measurement of total electron content, expressed in
meters at L1, is Iφ:
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In these equations, P1k and P2k are the receiver
pseudorange measurements, in meters, to the kth satellite
at the L1 and L2 frequencies, respectively; L1k and L2k

are the carrier phase measurements to the kth satellite, in
meters; and f1  and f2  are the frequencies of the L1 and
L2 bands, in Hz.  The ionosphere is dispersive, and higher
frequencies (i.e. L1 and L2 carrier signals) are advanced
with respect to lower frequencies (i.e. chipping rates of
code P1 and P2), so the signs for Iρ and Iφ are opposite.

The code measurement of the ionospheric delay Iρ is
noisy but accurate.  The carrier phase measurement Iφ is
precise but ambiguous and subject to cycle slips.  For
these reasons, a cycle slip detector is used to identify
likely cycle slips.  The detrended third-order difference of
the linear combination L1-L2 is iteratively tested for
points beyond the larger of |±4σ| or |±1| (where |*|
indicates absolute value of the quantity enclosed) because
cycle slips manifest themselves as extremely high rates of
change in phase.  Triple-differencing 30-second data
requires continuous segments at least 2 minutes long;
slips in anything shorter will remain undetected.  Once the
continuous segments of Iφ longer than 2 minutes are
identified, they are piecewise leveled to the code
measurement of the TEC, Iρ.  The broadcast satellite
interfrequency bias known as TGD is removed.  The
measurements may remain as slant delay for removal
from the pseudorange measurements or be converted to
equivalent vertical delay through use of a thin-shell



mapping function M that assumes a shell height of 350
km:
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The mapping function M used is a thin shell model that is
a function of the elevation of the kth satellite.  In the
calculation of the obliquity factor M, Re is the mean
radius of the earth and hiono is the assumed height of the
ionospheric shell, in this case, 350 km.  An estimate of the
receiver L1/L2 interfrequency bias is made by exploiting
the fact that unbiased TEC measurements have very
consistent early morning equivalent vertical values across
different lines of sight.  We make use of this spatial
uniformity by choosing the receiver interfrequency bias
that minimizes the variance of the vertical TEC
measurements each morning between UT 08:00 and
10:00, or 05:00-08:00 local time (LT).

Amplitude scintillation measurements S4 were obtained at
one-minute intervals from the ISM.  These output
measurements S4 are given by:
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S4T is “total S4” measuring fluctuations due to any cause
and S4N is a measure of amplitude fluctuations due to
ambient noise described in more detail by Van
Dierendonck [2001].  SI is signal intensity, measured at a
frequency of 50 Hz, and <> indicates expected value of
the quantity enclosed over a full minute.  Since the
variance of the signal intensity SI is normalized by the
square of the average value of SI, and then the component
of S4 due to noise S4N is removed, the resulting S4 is a
dimensionless number with a theoretical upper limit of 1.

Not only scintillation but also multipath interference can
produce fluctuations in signal intensity.  The periods
when scintillation dominates the S4 value are
distinguished through the use of a scintillation/multipath
discriminator.  This test makes use of the fact that the
variance of the code-carrier divergence over 60 seconds is
higher for multipath than for ionospheric phenomena.
Conker et al. [2002] summarize a definition of multipath
as occurring when the ratio of σccd to S4 is greater than 5.
With the additional step of requiring that at least one
quarter of the epochs in the previous 5 and subsequent 5

minutes must return a decision of “scintillation” for any
given epoch to be considered a “scintillation” epoch itself,
we are able to obtain more consistent results.  This
additional step is taken because the discriminator test has
trouble distinguishing low elevation satellites whose
signals are suffering multipath from ionospheric
scintillation, so that at some epochs it mistakenly returns a
decision of “scintillation” when there is no small-scale
ionospheric disturbance visible in a plot of TEC.  In plots
of S4 such as Figure 2, the periods when scintillation is
determined to dominate the S4 measurement are shown in
red, and epochs when multipath is the main contributor to
S4 are shown in blue.

Figure 4: Summary of equivalent vertical TEC and S4

measurements during scintillation from UT 15-28
February 2002.

Figure 4 shows equivalent vertical TEC measurements,
derived as described above from the MiLLennium
receiver, along every line of sight over the entire two-
week period of the data set, which spans 15-28 February
2002.  Below that curve, in red and not to scale, are the S4
measurements from the ISM, after filtering out all
multipath-dominated measurements.

A number of general conclusions that we will use in
looking at effects of scintillation on positioning can be
drawn from this plot.  First, in this region of the world at
the equatorial anomaly during the stage of the solar cycle
following peak activity, during the local scintillation
season, we see that ionospheric scintillation happens
almost nightly, generally from 00:00-06:00 UT (21:00-
03:00 LT).  The notable exception to this is 19 February,
which is free of scintillation from 00:00-06:00 UT, and
provides a quiet night for comparison of positioning.

A typical day of equivalent vertical TEC from this two-
week data set is shown in greater detail in Figure 5.  The
period during which scintillation occurs, 00:00-06:00 UT,
is characterized by wide variations in TEC from line-of-



sight to line-of-sight.  Small-scale structure is also visible
as more rapidly alternating periods of low TEC and high
TEC.  The period of scintillation follows the second daily
equatorial anomaly peak. It occurs in the early evening
after the midday peak, and is highly variable along each
line of sight as well; notice that the anomaly peak is
higher in magnitude than the midday peak, and happens at
different times (from 19:00-24:00) on different lines of
sight.

Figure 5: Equivalent vertical TEC on all lines of sight
on a typical day with scintillation.

OCCURRENCE OF DATA OUTAGES

Amplitude scintillation can lead to data dropouts, as was
seen in Figure 2.  This is of concern to the GPS user
because his constellation for positioning is affected by the
gain or loss of satellites that apparently flicker in and out
of visibility when scintillation or fading causes temporary
loss of lock.  The existence of a scintillation-free night in
our data set, 19 February 2002, allows for the direct
comparison of the total number of outages on that night
between 00:00-06:00 UT versus all of the other nights.

Figure 6: Number of data outages at L1 (top) and L2
as a function of mask angle.

The upper plot of Figure 6 shows the total number of
outages (epochs during which the satellite was within
view and healthy, but the receiver provided no
information from it) at L1 from 00:00-06:00 UT as a
function of mask angle, with one curve per night.  The
mask angle is the threshold elevation angle below which
no data is considered.

The night on which there was no scintillation, 19
February, is drawn in blue.  Notice that in spite of being
scintillation-free, there are a significant number of data
outages on satellites all the way up to an elevation el =
15°.  For these low elevation satellites (el < 15°) on this
quiet night, multipath was the likely culprit in causing
data dropouts.  However, on nights when there was
scintillation in addition to this basic amount of multipath,
there were outages on satellites at elevations up to 30° or
even 40°.  The curve that extends farthest to the right is
inflated due to a single line of sight on 15 February for
which the satellite was broadcast as healthy but was not
tracked by the receiver for a few continuous hours while it
was in the sky.

The lower plot in Figure 6 demonstrates the effect of
scintillation on the number of outages at L2.  On the quiet
night, the receiver is still susceptible to outages up to 15°
elevation.  On the nights with observed scintillation, it is
clear that high elevation satellites are even more likely to
have L2 data drop out than L1, with outages existing on
satellites almost as high as 70°.

The key features of this plot show that as baseline
behavior in this data set we may expect outages up to 15°
that may be due solely to multipath.  Beyond that,
scintillation is the dominating factor in dropouts.

Table 1 lists percentages of dropout frequency at L1.  A
user who is estimating position with a receiver
comparable to the MiLLennium and is subject to
scintillation may be interested to know how often she may
expect to have dropouts on 1, 2, or 3 satellites
simultaneously.  For comparison we offer the same
statistics calculated over the quiet night 19 February from
00:00-06:00 UT, as we do over all other nights from
00:00-06:00 UT combined.

Table 1

# svs Without scint. (19 Feb) With scint. (all others)
out 5-15° 15-90° 5-15° 15-90°
1 11.7% 0% 14.7% 4.69%

#svs
out

Without scintillation
(19 February)

With scintillation
(all others)

2 0.556% 2.50%
3 0% 0.289%



The GPS user estimating position on a scintillation-free
night may lose exactly one low elevation (i.e. el < 15°)
satellite just over 11% of the time.  With scintillation
exacerbating the multipath, the incidence of single low
elevation satellite loss increases to over 14% of the time.
On February 19th, there were no observed incidences of a
single high elevation satellite being lost.  Compare this to
the other nights, when one high elevation satellite was out
of view almost 5% of the time.

The lower half of Table 1 shows similar trends for the
loss of 2 or 3 satellites simultaneously.  On the quiet
night, there were only a few epochs during which two
satellites dropped out at the same time (corresponding to
0.556% of the time).  With scintillation, a user may
expect to lose 2 satellites at the same time 2.5% of the
time, and some of them may be higher than 15°.  A
similar pattern follows for loss of 3 satellites.

The loss of L1 frequency data prevents the single- and
also the dual- frequency user from including the
satellite(s) in their constellation, and so is of concern to
both.  Similar outage percentages are calculated on L2,
and are shown later, since they are applicable specifically
to the dual-frequency user.

STAND-ALONE POSITIONING

The MiLLennium receiver dual frequency data are post-
processed to estimate user position.  The linearized model
of the position equations can be found in many texts, for
example, Misra [2001] or Strang [1997].  The technique
involves iterating a weighted least squares solution on a
linearized model of the position equations.  Only satellites
higher than 5° elevation are used for positioning.  Prior to
estimating user position, corrections must be applied to
the vector of measured pseudoranges P1 at each epoch to
arrive at a corrected pseudorange ρ in meters:

1 ( )SP B c I T dt b cρ = + ⋅ − − + − ⋅

Equation 6

These corrections include the list of broadcast satellite
clock errors at the time of transmission B, converted to
meters using the speed of light c; the ionospheric slant
delay I for each satellite signal ray path, to be discussed in
detail later for the single and dual frequency user; the
tropospheric slant delays T for which we have used the
dry component of a simple empirical model only [Misra
2001]; and the Sagnac correction dtS, which accounts for
the fact that the user is in a rotating reference frame - the
earth - while using a clock [Parkinson 1996].  The user
clock error b is one of the resulting estimates of the

solution, and can be applied subsequent to the first
iteration.

Beginning with an initial estimate of user location and
clock bias x0 that differs from the true position by some
amount dx, the unit vectors between the position of each
satellite at its time of transmission and the user position
are arranged in the well-known geometry matrix G.  The
weighted least squares error solution for dx is then:

ρ111 )( −−−= WGGWGdx TT

Equation 7

The weighting matrix W will be specified for the single
frequency and dual frequency users below.  The error dx
is added to the old estimate of position, and the process is
repeated until the resulting errors are less than 10-4 m.

SINGLE FREQUENCY POSITIONING

The single frequency (SF) user solving for position must
apply an ionospheric model correction I = Imodel in
Equation 6 above.  The model broadcast by the GPS
satellites for SF users is described in detail in the Interface
Control Document 200C.  We apply as weighting matrix
W in Equation 7 the one given by:
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Here, M(eli) is the obliquity factor for the ith satellite
whose expression is given in Equation 4.

Figure 7: Position error vs time (top) and DOP vs time
for single frequency user without scintillation.

The upper half of Figure 7 plots the single frequency
user’s position error in meters on the scintillation-free
night, February 19th, from 00:00-06:00 UT.  The



horizontal error is drawn in blue, the vertical error in
green, and the 3-dimensional position error in red.

The lower plot of Figure 7 illustrates the corresponding
dilution of precision (DOP) values.  Dilution of precision
is a unitless scalar derived from the geometry matrix G
that characterizes the goodness of the constellation
geometry.  Lower DOP indicates better geometry for
more precise positioning.  The horizontal dilution of
precision (HDOP) is shown in blue, vertical DOP
(VDOP) in green, and 3-d position dilution of precision
(PDOP) in red.

On this quiet night, the user’s position error is as much as
30 m, and gradually decreases to about 10 m.  The
broadcast ionospheric model that the L1-only user must
use does not account for the second daily anomaly peak in
the equatorial regions.  The error in estimation of the
ionosphere at this time of night contributes to high
magnitude position errors.  Notice that after 01:00 UT the
user position estimate and the DOP fluctuate rather than
varying smoothly.  An abrupt change in PDOP occurs
when the constellation of satellites used in the position
equations changes due to the rising or setting of a
satellite.  In this case, a low elevation (5° < el < 15°)
satellite was setting, and as we have seen above, even on
the scintillation-free night, low elevation satellites are
susceptible to dropouts.  The alternating loss and gain of
this setting satellite cause the fluctuations in DOP and
position error.

Since scintillation increases the likelihood of data
outages, we expect to see more frequent fluctuations
similar to this.  In fact, Figure 8 shows exactly this.  As an
example of positioning on a typical night with
scintillation, we have plotted similar position error and
DOP plots for a scintillating night.

Figure 8: Position error vs time (top) and DOP vs time
for single frequency user during scintillation.

On these nights the absolute position error may reach as
high as 50 m.  Notice that fluctuations in 3-d position and
PDOP are much more frequent as satellites “flicker” in
and out of view of the receiver.  Higher rates of change in
position error occur during scintillation.  The fluctuations
in position estimate can be on the order of 10 m.  The loss
or gain of low elevation satellites generally produce the
most dramatic changes in position estimate, possibly
because the SF model error estimate, which assumes a
thin-shell ionosphere, diverges from the actual behavior
of the ionosphere in the equatorial anomaly region.

The high rates of change in position estimate and DOP
seen on this night are typical of all the nights on which
scintillation occurred.  The data depicted in Figure 9 for
15-28 February 2002 from top (red) to bottom (lower
black curve) are: S4 due to scintillation (multipath epochs
are not pictured), rate of change in 3-d position error, and
rate of change in PDOP.

Figure 9: S4 due to ionospheric scintillation, rate of
change of 3-d position error, rate of change of PDOP
over time span (UT) of data set.

The high magnitude rates of change in position estimate
are visible on a nearly nightly basis around 0-6 UT.  The
exception to this is 19 February.  On the 19th the standard
deviation of the rate of change of 3-d position error of all
estimates made between 00:00 and 06:00 UT was 1.7.
Over the remaining nights (all of which showed
scintillation activity), the position error rate of change
was higher so that the standard deviation σ = 2.9.  It is
also clear from the plot that this bound on the rate of
change during scintillation periods (0-6 UT) is
significantly higher than at any other time of day.  The
rate of change of PDOP shows a less dramatic, but still
significant, difference in spread on the scintillating nights
compared to February 19th: compare σ=0.121 on the quiet
night to σ=0.189 on the other nights.  The nighttime
fluctuations in DOP during scintillation happen with



higher frequency so that the variance from 00:00-06:00
UT is higher on all other nights than it is on the 19th.

We have seen an increase in fluctuations in the available
constellation of the L1-only user due to amplitude-
scintillation-induced data outages.  The single frequency
GPS stand-alone user relies on a thin-shell model of the
ionosphere that, at equatorial latitudes, may differ from
the actual ionosphere by 10s of meters, particularly during
and after the second daily anomaly peak. As the
ionospheric model correction for a satellite is added and
removed from the position equations due to its fading in
and out of view, the ionospheric error can translate into 3-
dimensional position error as much as 50 m, and rapid
fluctuations on the order of 10 m/epoch.

DUAL FREQUENCY POSITIONING

The dual frequency user has the capability to improve on
the accuracy and precision of the single frequency GPS
user through the use of the L2 frequency data for direct
measurement of the ionospheric delay I = Imeas .  For our
analysis we use Imeas = Iφ, which is calculated as described
in Equations 2-3.  For use in Equation 6, Iφ is not
converted to equivalent vertical, but kept as a slant
measurement.  Measurement of the ionospheric group
delay depends on the availability of L2.  During
scintillation, data transmitted on the L2 signal is more
likely to be dropped, just as with L1.  Below in Table 2 is
a list of L2 outage percentages on the quiet night (19
February 2002) compared with all the other nights of the
data set.

Since the L2 frequency does not contain a signal freely
available to the civil community, commercially available
receivers that employ codeless or (as with the
MiLLennium) semi-codeless tracking to track L2 are
more susceptible to loss of lock on L2 than L1.  As a
result, the overall percentages on both the quiet night and
the active scintillation nights are higher than the
corresponding values for L1.  On the scintillation-free
night 19 February, low elevation satellites (between 5°
and 15°) were dropped 12.4% of the time.  During
scintillation this increased by more than 40% to a 17.5%
chance of losing one low-elevation satellite.  Whereas on
the quiet night, L2 was never lost on any satellite above
15°, during scintillation hours from 0-6 UT, there was a
7.41% chance of losing exactly one high elevation
satellite.

The lower table summarizes the percent of time that
multiple satellite outages were observed simultaneously.
On the 19th of February, 2 satellites dropped out
simultaneously only rarely, and 3 never did.  During
scintillation 2 satellite outages happened at the same
epoch more than 6% of the time, and 3 happened more
than 1% of the time.  In all, a dual-frequency user

equipped with a receiver comparable to the one used here,
the MiLLennium, might expect to spend almost one-third
of his time without dual frequency data for some satellite
or another in the constellation.

Table 2

# svs Without scint. (19 Feb) With scint. (all others)
out 5-15° 15-90° 5-15° 15-90°
1 12.4% 0% 17.5% 7.41%

#svs
out

Without scintillation
(19 February)

With scintillation
(all others)

2 0.694% 6.73%
3 0% 1.34%

A dual frequency user has a number of methods available
for dealing with the inability to measure the ionospheric
delay.  Two options that we consider here are: 1) limiting
the constellation available for positioning to only those
satellites for which both L1 and L2 frequency
measurements exist; 2) substituting the SF user’s
ionospheric error model for the satellites that have L1
only available, and de-weighting these terms in the
position solution equations, since they are not likely to be
as correct as the ionospheric measurement.  We consider
these two scenarios one at a time here.

DUAL FREQUENCY USER TYPE 1

Dual frequency (DF) users who limit their constellations
to the satellites from which they are receiving both
frequencies (“Type 1” users) solve the position Equations
6 and 7 with the use of an ionospheric correction I given
by the code-leveled carrier phase measurement of
ionospheric delay Iφ in Equation 2.  In this scenario, the
same elevation-dependent weighting matrix as the SF
user’s, given by Equation 8, is applied.

The DF Type 1 users enjoy significant improvement in
accuracy, as is visible in Figure 10, which plots their
position error over time on a scintillation-free night.
Compared to the SF user, whose positioning for this same
night is shown in Figure 7, the Type 1 user has 3-
dimensional position errors under 20 m during the entire
period from 00:00-06:00 UT.  There is minimal
fluctuation in this estimate even while the constellation
changes.  The constellation available to the Type 1 user is
different from the SF user’s, as can be seen by comparing
the lower plots of DOP in Figures 7 and 10.  The Type 1
user’s constellation changes more often on the quiet night
than the L1-only user’s does, but this does not translate
into large changes in position error because the Type 1
user measures the ionospheric delay error directly,
whereas the SF user estimates it with a model that can
differ from the true ionosphere in this part of the world at
this time of night by 10s of meters slant.



Figure 10: Position error vs time (top) and DOP vs
time for dual frequency (Type 1) user without
scintillation.

The DF Type 1 user who is now subjected to scintillation
runs into different issues from the SF user.  This is shown
in the plots of horizontal, vertical, and 3-dimension
position error and dilution of precision (DOP) in Figure
11.

Figure 11: Position error vs time (top) and DOP vs
time for dual frequency (Type 1) user during
scintillation on 21 Feb 2002.

When a Type 1 user limits himself to satellites from
which he has received both L1 and L2 frequency data,
dropouts and cycle slips will hurt his ability to calculate a
position at all.  He may be often limited to too few
satellites (less than 4) to solve for position.  In general,
due to cycle slips and data dropouts, we observed that
there were fewer than 4 satellites available for positioning
8.46% of the time during scintillation.  This percentage
will vary with implementation of cycle slip detection,
correction, and receiver capability.

In addition there are situations where there may be at least
4 satellites in view, but due to the physical location of the
actively scintillating ionosphere at that time, the
remaining constellation provides such poor geometry that
the position estimate cannot be reliably trusted.  In our
positioning software, we have required a geometrical
dilution of precision (three spatial dimensions plus time)
of GDOP < 10.  From an error-propagation standpoint,
DOPs are multiplicative factors for errors being
propagated through from the range domain to the position
domain.  Hence lower DOPs are better, and beyond a
certain threshold the receiver position cannot be reliably
calculated.  With the caveat that such a number is
dependent on the cycle slip detection and patching
algorithms as well as the receiver’s tracking capabilities,
we observed a GDOP > 10 about 17% of the time from 0-
6 UT on the scintillating nights.

For direct comparison with the SF user, compare Figure
11 with Figure 12 below.  The SF user with a receiver
comparable to the MiLLennium will be able to estimate
position during scintillation, but it may differ from the
true position by 10s of meters.  The dual frequency Type
1 user has traded availability of a position solution for
accuracy of under 20 m.

Figure 12: Position error vs time (top) and DOP vs
time for single frequency user on 21 Feb 2002.

DUAL FREQUENCY USER TYPE 2

Another method by which the dual frequency user may
account for the loss of L2 data is by compensating for lost
ionospheric measurements by using the SF user’s model
of the ionosphere instead.  We will refer to this user’s
scenario as that of the Type 2 dual frequency user.  The
Type 2 DF user may thereby hope to combine the position
availability of the SF user with a degree of accuracy
approaching that of the DF (Type 1) user.

In combining ionospheric measurement terms Imeas with
ionospheric model terms Imodel in the vector I in Equations



6 and 7, the Type 2 user accounts for the fact that the
model diverges from the true ionospheric delay, and
places less emphasis on these terms when solving for the
weighted least squares solution.  The Type 2 user’s choice
of ionospheric correction term I is given by:
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The expression for γ is given in Equation 3.  The
weighting matrix W we implement is:
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Equation 10

The resultant Type 2 position estimation on a night with
scintillation can be seen in Figure 13 and compared to the
SF position error and DOP plot  (Figure 12) or the dual
frequency Type 1 user’s position error and DOP plot
(Figure 11).

Figure 13: Position error vs time (top) and DOP vs
time for dual frequency (Type 2) user during
scintillation on 21 Feb 2002.

Because the Type 2 user keeps in her constellation all
satellites for which any data is available (i.e. L1
frequency data), the constellation which determines the
DOP plots for the SF user and this Type 2 user are
identical.

The 3-dimensional position error reaches 40 m at times,
almost as high as the SF user error, and at times decreases
as low as the Type 1 user error.  During the period when
the Type 1 user was entirely unable to make a position
estimate between 01:30 and 02:30 UT, the DF Type 2
user has enough satellites and good enough geometry
(GDOP < 10) to estimate position.  The error at this time
is comparable to that of the SF user in magnitude and
fluctuation.  The Type 2 DF user has ceded some
positioning accuracy in order to increase availability to
that of the SF user.

CONCLUSIONS

Amplitude scintillation due to the early nighttime
ionosphere impacts both single and dual frequency GPS
users in the equatorial anomaly region of the world.
Scintillation increases the frequency of data outages on
both L1 and L2, both for low elevation satellites whose
signals are subject to multipath and for high elevation
satellites that are usually clear in the receiver’s view.
This in turn changes the user’s available constellation for
positioning.

The single frequency user can expect high rates of change
in position estimate due to loss of L1 data, combined with
large absolute errors due to the secondary peak in TEC of
the ionospheric phenomenon known as the “anomaly”.
The dual frequency user has the advantage of being able
to measure the ionosphere directly, but is susceptible to
more frequent L2 dropouts and cycle slips since civilian
receivers track the L2 frequency codelessly or semi-
codelessly.  Type 1 dual frequency users, who limit their
constellation to all satellites for which ionospheric
estimates are available, have high accuracy but worse
geometry.  At times they may even lack position estimates
altogether during scintillation.  Type 2 dual frequency
users, who substitute the single frequency ionospheric
model correction broadcast by the GPS satellites into the
position equations when the measurement is unavailable,
and de-weight the model-corrected terms, have
availability and DOP identical to L1-only users.  Their
absolute errors can be as low as the Type 1 users’, but
may also reach as high as the single frequency GPS
users’.

Further tuning of the weighting matrix W of the Type 2
dual frequency user who solves for position by weighted
least squares estimation, may improve the overall
accuracy of this method when used during scintillation.
Another technique that may be considered when an
ionospheric measurement is unavailable to the dual
frequency user is the reuse of the most recent ionospheric
measurement, with filtering over time.  One important
consideration in this case would be the fact that amplitude
scintillation often accompanies small-scale irregularities



in the ionosphere. The total electron content might be
rapidly changing just at the moment when the dual-
frequency measurement was lost, which would put a limit
on the duration that an old measurement might be
considered valid or safe to reuse.
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