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[11 The effect of strong scintillation conditions on GNSS transionospheric paths of
propagation is further investigated employing the most recent update of the Hybrid
Scintillation Propagation Model (HSPM). The variation of various parameters including
spectral indices and other statistical moments of the field is studied as a function of

the severity of the signal fluctuations. The correlation time of the complex amplitude of the
field is found to rapidly decrease as the scintillation severity increases, but by contrast,
the intensity correlation time stays almost constant over a wide range of S; showing only
slight decrease in the model’s range of validity. The dependence of the spectral indices of
both phase and amplitude on S, is also determined, and the spectral index of the phase
fluctuations tends to 2 for the most severe scintillation, as expected from both experiment

and theory. The effect of “canonical fading” is also studied, when, in the conditions

of strong scintillation, fast phase changes occur along with deep amplitude fades.

The probability of the effect of the “canonical fading” is studied for the conditions of
strong scintillation, and the mean time between cycle slips shows a significant decrease as
S, increases. A comparison is also presented between calculated results of S4, spectral
indices, and the correlation radii of the complex field and field intensity, utilizing both the
HPSM and equivalent phase screen model for both weak and strong scintillation
conditions. These show the differences that can occur which can also depend

on the equivalent phase screen height.

Citation: Zernov, N. N., V. E. Gherm, and H. J. Strangeways (2012), Further determinations of strong scintillation effects on
GNSS signals using the Hybrid Scintillation Propagation Model, Radio Sci., 47, RSOL06, doi:10.1029/2011RS004935.

1. Introduction

[2] Numerous effects of GNSS signal scintillations on
transionospheric paths of propagation have been studied
employing the St. Petersburg-Leeds-Newcastle Hybrid
Scintillation Propagation Model. The initial version of the
model [Gherm et al., 2000] was solely based on Rytov’s
approximation and was therefore limited to weak and mod-
erate scintillation conditions. To account for the case of
strong scintillation, it was further extended as a combination
of Rytov’s method and the classical random screen tech-
nique [Gherm et al., 2005]. The extended model was termed
the Hybrid Scintillation Propagation Model (HSPM).

[3] Various scenarios of propagation have been studied
utilizing the HSPM. In particular, in the work by Maurits
et al. [2008] some typical properties of scintillations rele-
vant to transionospheric paths of propagation at high lati-
tudes have been studied including that from polar patches.
In this case the University of Alaska Fairbanks Eulerian
Parallel Polar Ionosphere Model was used to model the
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background high-latitude ionosphere. Zernov et al. [2009]
also investigated the scintillation effects due to the bubbles
occurring in the equatorial ionosphere. In this paper a very
good agreement of the model results with the experimental
data was reported in modeling the time dependence of the
scintillation index S, as a group of bubbles traversed the
signal paths from two satellites of the GPS constellation to a
receiver at the Earth’s surface in Cameroon. The most recent
update of the HSPM [Gherm et al., 2011a] enabled investi-
gation of the scintillation effects of the GNNS signals at two
different frequencies (as for the dual-frequency mode of
operation) for the same satellite to receiver path. In particu-
lar, the effects of correlation/decorrelation of the field phases
at different frequencies were studied, and the contribution of
the diffraction into the range error in the dual-frequency
method was assessed. To allow for the description of the
two-frequency effects, the state-of-the-art version of the
HSPM was developed, which, when generating the two
physical random screens and then determining the appro-
priate times series of the fields, also takes into account the
effects of mutual correlation of the fields at the different
frequencies.

[4] In the present paper, we further employ the HSPM in
order to address a number of the effects of scintillation on
GNSS signals for transionospheric paths of propagation,
specifically, for the case of strong scintillation. In section 2
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Figure 1. Scintillation index S, on the screen below the
ionosphere (red) and on the Earth’s surface (blue) as a func-
tion of the variance of the ionospheric fractional electron
density o%.

the dependence of a number of the indices and other statis-
tical moments of scintillation of the transionospheric field
are studied as a function of the severity of the signal fluc-
tuations. These include the time correlation radius of the
field intensity, 71 and of the complex amplitude of the ran-
dom field 7¢ and the spectral indices of the phase and log
amplitude fluctuations (p, and p,, respectively).

[5] In section 3 the effect of the full cycle phase accu-
mulation is considered. In the conditions of strong scintil-
lation, the deep amplitude fades frequently occur. This is
likely to be accompanied by fast phase changes, which may
lead to full 27M radians (where M is a positive, or negative
integer) phase accumulation. The probability of this effect is
studied for the conditions of strong scintillation.

[6] Finally, section 4 is devoted to a discussion of the
problem of the consistency/inconsistency of the equivalent
phase screen model for the interpretation of the scintillation
effects on the transionospheric paths of propagation. Com-
parison is also made of the results of modeling scintillation
effects utilizing HSPM and the technique of the random
screen approximation.

2. Scintillation Indices for the GNSS Field
on Transionospheric Paths of Propagation

[7] Along with the traditional field scintillation parameters
such as the scintillation indices S4 and o, which characterize
the intensity and phase fluctuations, other statistical
moments, or their parameters, should also be used to
describe the properties of the field subject to the effects of
the ionospheric electron density fluctuations. Recently,
Carrano and Groves [2010] experimentally studied time
decorrelation of the intensity of the field fluctuations, the
spectral index of the phase fluctuations and other parameters
of the fluctuations of the field propagated through the fluc-
tuating ionosphere. Humphreys et al. [2010a, 2010b] ana-
lyzed the time correlation function of the random complex
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amplitude of the field through the ionosphere utilizing their
empirical signal model (not based on a physical scintillation
propagation model). Both, in particular, studied the effects in
order to understand whether or not rapid phase changes,
occurring along with the deep amplitude fading, lead to the
effects of cycle slips, which, in turn, may result in phase lock
loss in the receiver and in order to predict the cycle slipping
rates. In this section the results of our analysis of various
parameters of the field scintillations (including the time
correlation properties of the field) for transionospheric paths
of propagation will be discussed on the basis of our physi-
cally based scintillation propagation model HSPM.

[8] A model of the transionospheric oblique channel of
propagation was chosen for the analysis, which has a real-
istic value of the TEC of the background ionosphere.
Varying the characteristic parameters of the ionospheric
electron density fluctuations (e.g., the outer scales /. of
random inhomogeneities and the variance of the fractional
electron density fluctuations, ox) the effects of propagation
typical for both the cases of weak and strong scintillation
were produced. In modeling the ionosphere, a background
ionosphere of 90 TEC units was used. For the stochastic
ionosphere component, the model of the inverse power law
anisotropic spectrum of the ionospheric electron density
fluctuations with a spectral index of 3.7 was employed and
the cross-field outer scale of fluctuations was taken to be
5 km and the aspect ratio 20. In order to provide both
regimes of weak and strong scintillation of the transiono-
spheric signal, the RMS of the fractional electron density
was changed from very small values up to about 0.1 (10%)
which for this maximum value and for the chosen TEC and
the field-aligned and cross-field outer scale of the iono-
spheric random inhomogeneities yielded an S; value of the
order of unity. Finally, the model of “frozen drift” of the
random inhomogeneities of the ionosphere was utilized with
a velocity of 100 m/s in the direction orthogonal to the
direction of propagation.

2.1.

[9] In Figure 1 the dependences of the scintillation index
S,4 calculated using HSPM on the physical random screen
(red curve), which was introduced below the ionosphere as
described by Gherm et al. [2005], and on the Earth’s surface
(blue curve) are given against 0. As can be seen, for all the
values of the parameters, only the case of weak, or moderate
scintillation results on the screen (in accord with HSPM) but,
on the Earth’s surface, the scintillation index S, reaches the
value of unity and can even exceed this value for strong and
very strong scintillation conditions.

[10] For the same parameters of the scintillation propaga-
tion problem, the time correlation radii of the complex
amplitude of the random field on the Earth’s surface (red
curve) and the field’s intensity (blue curve) were calculated
as a function of S, employing the HSPM. In the calculation,
the “frozen drift” model of the random inhomogeneities of
the ionosphere was employed. The results of modeling are
shown in Figure 2. As far as the correlation time of the
field’s complex amplitude is concerned (red curve), it rap-
idly decreases as the scintillation severity increases. By
contrast the intensity correlation time stays almost constant
over a wide range of values of S;. When S, approaches the
value of unity, there is a “hint” (see blue curve) of a
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Figure 2. Time correlation radius of the complex field 7
(red) and the field intensity 7¢ (blue) in seconds.

reduction of the time correlation radius of the field intensity
fluctuations. The rigorous description of a significantly
reduced correlation time of the intensity lies beyond the
range of validity of the HSPM. This will be the subject of an
additional paper, devoted to a consideration of the case where
the regime of strong scintillation arises inside the inhomo-
geneous ionospheric layer. For such conditions statistical
focusing and the fully saturated regime of propagation may
well occur on the Earth’s surface.

[11] These results can be compared with the experimental
observations presented by Carrano and Groves [2010]. In
their Figure 19, they show a scatterplot of S4 versus 71 where
it can be seen that for moderate to large values of 7, there is
a wide range of corresponding S, values. This indicates that
the rate of fading and depth of fading are relatively
independent.

2.2. Spectral Indices of Phase
and Amplitude Fluctuations

[12] Figure 3 shows the dependence of the spectral index
(slope of the PSD) of the field phase and log amplitude
fluctuations on S, derived for the same conditions of prop-
agation as described above. Spectral indices (slope of the
PSDs) of the frequency spectra of fluctuations of the phase
and amplitude are plotted against S,. These are estimated
using a linear least squares fit of the high-frequency tail of
the spectra, in a logarithmic scale, over the frequency range
above 1 Hz. When the severity of scintillation increases, the
spectral index of the phase fluctuations tends to 2. This is as
expected from experimental observations [Carrano and
Groves, 2010] and from theory as Rino and Owen [1980]
show that for strong scatter, the rapid phase transitions
caused by diffraction tend to drive the phase spectral index
to that for a discontinuous process, namely, 2.0.

[13] In Figure 4, the plots of the frequency spectra of
amplitude and phase fluctuations are presented for two lim-
iting cases of weak scintillation with S, = 0.21 (Figure 4,
left) and fairly strong scintillation with S, = 1.03 (Figure 4,

ZERNOV ET AL.: STRONG SCINTILLATION EFFECTS ON GNSS

RSO0L06

right). As can be seen for the case of weak scintillation
(Figure 4, left), both spectra of phase and log amplitude
fluctuations have the same high-frequency asymptote. In the
case of strong scintillation (Figure 4, right), however, the
curves are separated at the high-frequency tail and have a
shallower slope (spectral index) than in the case of weak
scintillation.

3. Statistics of the Cycle Slips of the GNSS Field
on Transionospheric Paths of Propagation

[14] Employing the HSPM to properly account for the
diffraction of the field on random ionospheric inhomogene-
ities, it was shown by Gherm et al. [2011a, 2011b] and
Zernov et al. [2011] how the occurrence of rapid phase
changes associated with the deep fading may or may not lead
to the accumulation of full cycles in the phase of a signal. It
was shown, in particular, that once S, exceeds 0.6-0.7, the
27M radians accumulated cycles are likely to appear along
with rapid phase changes. It was also shown that for the
same conditions of propagation, the effects of the cycle
accumulation may be different at different frequencies. All
together this can contribute to the increase of the range error
in the dual-frequency phase method as well as the reduction
of the cross-correlation coefficient of the field phases
between the two frequencies.

[15] The statistics of the cycle slips of GNSS signals is of
importance for different applications, in particular, for the
design of receivers for GNSS signals. The investigation of
this sort of statistics was performed by Seo et al. [2008] on
the basis of the analysis of the appropriate experimental data.
It is mentioned by a number of authors [e.g., Humphreys
et al., 2010a, 2010b; Carrano and Groves, 2010] that to
develop the cycle slip prediction model, the statistics of Sy
are not sufficient. At high values of S, the cycle slipping
statistics can be considered to be further specified by some
other additional statistical indices, e.g., 7. 7c. Here, to
obtain the statistics of cycle slips (canonical fading) HSPM

Py Pa

0.6 0.8 1
S,

0.4

Figure 3. Spectral indices (slope of PSDs) of the phase, p,,
(blue), and amplitude, p,, fluctuations, as a function of the
severity of fluctuations as measured by S,.
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Figure 4. Frequency spectra of the field phase and amplitude fluctuations (pg, p.) for the case of (left)
weak (S4 = 0.21) and (right) strong (S4 = 1.03) scintillation at 1.5754 GHz.

was used. In the analysis procedure, a large number of time
series of the field phase and amplitude fluctuations were
generated (120 simulation runs for every given value of the
RMS of the fractional electron density fluctuations of the
ionosphere, oy, each 400 s in length) and the intervals of
time were selected for which the field amplitude was smaller
than a given threshold (specified as —10 dB). The intervals
where, along with the deep amplitude fading of the field, fast
phase changes of the order of half a cycle, or greater
occurred, were classified as “canonical fading,” or phase
slips. The number of cases where the phase slips occurred
was counted and the estimates of the mean time between the
slips, Ts, were obtained as the full time of the simulation
divided by the number of slips. The dependence of these
events on the severity of scintillation, given by S, is pre-
sented in Figure 5. As can be seen, the effects of the
canonical fading (cycle slips) becomes more frequent as the
severity of scintillation increases. Figure 6 demonstrates
possible behaviors of the random phasor of the signal in the
condition of the deep fading when the fast phase changes
also occur. The two panels show how the deep fading may
result in a half-cycle slip (Figure 6, left) or an approximately
full cycle slip (Figure 6, right).

[16] Here we should emphasize that we have, in effect,
calculated the cycle slips that occur at the receiver antenna
from the propagation process and we do not additionally
predict the effect of the receiver on the signal in which PLL
loss of lock can occur. This has been studied by other
authors. For example, Moraes et al. [2012] study cycle slips
solely on the basis of amplitude fluctuation measurements.
They use the formula, introduced by Humphreys et al
[2010a] to predict the possible occurrence and statistics of
cycle slips depending on the severity of the fluctuations
which are likely to be observed by a receiver at the PLL
output, employing solely the results of the amplitude scin-
tillation measurements. By contrast what has been obtained
with our physical model, and presented here, is what the real
field looks like at the input to the receiver at the point of the
receiver location so that in the sense of a field treatment in
terms of amplitude and phase, the phase may have what is
termed by Humphreys et al. [2010a] canonical fading. Thus
strictly speaking, the graph in Figure 5 presents the statistics

of the field’s canonical fading occurrences as a function of
the severity of scintillation.

4. Comparison of the HSPM and the Effective
Phase Screen Approximation to Model the GNSS
Field Scintillation on Transionospheric Paths

of Propagation

[17] The equivalent phase screen technique is widely used
in order to give the interpretation of different experimental
data of scintillation (see, e.g., Rino [1979] and Rino and
Owen [1980] and many other papers employing this
method). According to this technique, as the first step, the
fluctuating part of the phase of the field which has traversed
the ionosphere with given parameters of both the back-
ground ionosphere and the electron density fluctuations, is
calculated as the integral along the line of sight connecting

10

10°F
(/2]
& 10°F
'_

10%}

101 1 1 1 1 1

0.7 0.8 0.9 1 1.1 1.2
S4

Figure 5. The mean time interval between the occurrence
of cycles slips, Ts, in seconds as a function of the severity
of the scintillation, given by Sy.
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Figure 6. Example random walks of the full field phasor showing the types of cycle slips: (left) half a
cycle slip and (right) a cycle slip. Circles correspond to fading of 10 dB.

the satellite and the point of observation. After the random
phase on the screen is described, the screen is placed at a
height above the Earth’s surface, which is normally around
the height of the maximum of the ionospheric F2 layer. Once
the height of the screen has been specified, it may be the
case, however, that for the chosen parameters, the phase
screen model does not provide good agreement with the
experimental data (or with calculated results using another
independent method). To achieve a fit, it appears necessary to
make changes to the model parameters, e.g., the height of the
screen, or, alternatively, the parameters of the random phase
on the screen. This can be considered to be a limitation of the
phase screen technique to self-consistently describe the
scintillation effect. By contrast, the HSPM, since based on
solving the appropriate equations governing the propagation
process, provides (within its range of validity) self-consistent
descriptions of the scintillation effects once the physical
conditions of propagation have been specified. Below we
provide a comparison of the results of modeling scintillation
effects obtained utilizing both the phase screen technique and
the HSPM. Calculations have been performed for the same
parameters of the stochastic channel of propagation as given
in section 2.

[18] In Tables 1 and 2 scintillation indices are presented
calculated by the HSPM and the random screen technique
for the conditions of (1) weak and (2) strong scintillation.
The scintillation index S4, spectral indices for the frequency
spectra of the field log amplitude p, and phase p, fluctua-
tions, time correlation radii of the intensity 7; and complex
field 7. have been compared. As is seen from Tables 1 and 2,
some parameters appear different when calculated by HSPM
from those determined by the random phase screen tech-
nique. In particular, once the results obtained using HSPM

Table 1. Comparison of the Results Generated by HSPM and the
Phase Screen Approximation: Weak Scintillation®

are accepted as the reference, the height of the phase screen
in the conditions of weak scintillation should be chosen as
600 km to provide good agreement to those of HSPM for the
majority of indices. However, even with this adjustment, the
values of the time correlation radius of the complex field are
rather different. In the case of strong scintillation, the height
of the random screen of 600 km only provides good agree-
ment for S, values while other indices are a little different.
Finally, as seen from Tables 1 and 2, the height of the screen
of 350 km does not provide agreement with the HSPM for
S, and 7. in the weak scintillation case and for S4, p, and p,
in the case of strong scintillation.

5. Conclusions

[19] An updated version of the HSPM which was previ-
ously developed [Gherm et al., 2011a, 2011b] has been
employed further to investigate a number of the effects of
scintillation on GNSS signals for transionospheric paths of
propagation, specifically for the case of strong scintillation.
A number of parameters including spectral indices and other
statistical moments of the scintillation of the field have been
studied as a function of the severity of the signal fluctuations.

[20] First, an approximately linear relation was found
between the S4 index and the variance of the electron den-
sity variations. The dependence of the correlation time of the
complex amplitude of the field on S, was then determined
and was found to rapidly decrease as the scintillation
severity increased but, by contrast, the intensity correlation
time stayed almost constant over a wide range of values of
S4 except for when S, approached the value of unity when
there was some evidence of a reduction. This will be the
subject of an additional paper, devoted to a consideration of

Table 2. Comparison of the Results Generated by HSPM and the
Phase Screen Approximation: Strong Scintillation®

Phase Screen Phase Screen

Phase Screen Phase Screen

Hybrid Method H =350 km H = 600 km Hybrid Method H =350 km H = 600 km
Sy 0.21 £ 0.003 0.17 £ 0.003 0.22 £0.006 S, 1.03 £ 0.01 0.85 + 0.03 1.0 £ 0.04
Da 29+02 29 +0.1 29+02 Da 26+02 3.0+£02 3.0+£0.2
Do 27402 2.8+02 28 £ 0.1 Do 23402 2.6+0.2 254+02
T 1.0 £0.1 1.0 £ 0.1 1.2+02 T 0.85+0.1 0.8 +£0.1 09 +0.1
Tc 6.1+17 43+t 14 45+£13 Tc 1.2+0.1 1.3+£03 1.3+£02

“RMS of the fractional electron density is 0.013.

“RMS of the fractional electron density is 0.07.
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the case where the regime of strong scintillation arises inside
the inhomogeneous ionospheric layer. For such conditions
statistical focusing and the fully saturated regime of propa-
gation may well occur on the Earth’s surface.

[21] The dependence of the spectral indices of both phase
and log amplitude on S, was also determined and the spec-
tral index of the phase fluctuations was found to tend to 2 as
expected from both experiment and theory. It was also found
that in the conditions of strong scintillation, when deep
amplitude fades frequently occur, this is likely to be
accompanied by fast phase changes, which may lead to full
27M radians (where M is a positive, or negative integer)
phase accumulation. The probability of this effect was
investigated for the conditions of strong scintillation and the
mean time between cycle slips was found to decrease sig-
nificantly with increasing S, for large S4 values.

[22] A comparison was also presented between calculated
results of S, spectral indices of phase and amplitude and the
correlation radii of the complex field and field intensity
utilizing both the HPSM and equivalent phase screen model
for both weak and strong scintillation conditions. This
showed the differences that can occur between calculations
using the two methods and which were shown to depend
on the equivalent phase screen height. This can be con-
sidered to be a limitation of the phase screen technique to
self-consistently describe the scintillation effect.

[23] Finally, the ability of the simulator to model the input
to a GNSS receiver during even strong scintillation condi-
tions makes it very useful for investigating the response to
these conditions of different GNSS receivers both present or
postulated (the latter with the use of a software receiver) to
enable optimum hardware and firmware receiver modifica-
tions for scintillation mitigation to be determined and
validated.
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