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Abstract— This paper addresses the problem of ionospheric
scintillations at L and C bands. The results of a L and
scintillation measurement campaign are presented. Th
receivers used during this campaign were located ithe five
regions of the globe allowing exhibiting the geogghic
similarities and discrepancies. Comparison with moeling has
been done concurrently. The results presented for ®and

scintillations rely on cross checking the results ith
theoretical derivations.

I. INTRODUCTION
Transionospheric radio signals may experience

amplitude and phase fluctuations due to the prdpaga
through irregularities of the electron density desi
ionosphere. These signal fluctuations may occuciafhg
during equinoxes, after sunset and last a few hdithsy
are more intense in the periods of high solar @gtifhese
fluctuations are responsible for signal degradafiom the
VHF up to the C band and may affect several apiina

as the navigation systems, the communicationsteimote
sensing and the earth observation systems.

The normalized standard deviation of the received

intensity S, is used to classify the scintillation events:

weak scintillations for S4 < 0.3, medium scintildats for
0.3 < S4 < 0.7 and strong scintillations for S4.%.0rhe
occurrence of strong scintillations events increagith the
solar activity. Two regions of the globe are afectby
such events: the equatorial regions (between -80°+20°
magnetic latitude) and the polar regions (> 60°heT
scintillations are more severe at the equator dmel t
characteristics are different between the two megio

In the frame of an ESA / ESTEC contrjctve have
conducted a measurement campaign for world coverage
including Africa and high latitudes (Sweden). Thisrk
involving several European teams is partly repoitethis
paper. The frequency of interest was the L band sed
have used GPS receivers. Some of these receivars we
regrouped in order to be able to derive the medsunm’
correlation properties. That was the case in padicin
Vietnam and in Africa. The data from the different
locations has been stored with a common formauilal &

Y ESTEC contract N° 19530 « Prediction of lonospheri
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data base. This data base has been analyzed arebttis
obtained have been compared with predictions givgn
two models.

A complementary study has been done for the C band
No data were found for C band scintillations. Asbénd
scintillation corresponds to weak fluctuations, lgtieal
derivation can be derived in that case, allowingssr
checking the results provided by the GISM modelvitth
analytic expressions when available.
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Figure 1 Receivers deployment

Il. DATA BASE

L band scintillation data have been collected dysiears
2006 and 2007, consequently near the minimum o$ofer
cycle. Two types of monitors have been deploye8adnth
America, Africa, Asia and in Europe at high latisd as
shown on figure 1. The first type is a Legacy (fréavad or
Topcon both identical in construction and operatiaode).
The second type is a GSV4004 based on a Novateivezc
[2]. Both types are operating at 50 Hz and provide
additional channels to track geostationary sagsllifwhen
available). A data base has been constituted. Blienited
local support, it was not always possible to stite raw
data files. In some locations the data were pre@cksm
line, stored, and sent back to Europe on a moriihbis.
All the data have been used to derive the scititha
characteristics and improve scintillation models.
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In order to avoid considering data not representing
ionosphere induced scintillations, we have dischrdé
data recorded with an elevation angle lower thaha2@l a
S4 level lower than 0.2. Assuming that these setedata
show only scintillations of ionospheric origin, wget a
reduced data set for subsequent analysis. The first
observation is that only a very small part of tle¢athase is
used in this study. The ionospheric scintillatioaswa rare
event during the measurement campaign: only 0.% €eo
measured  satellite/earth  links were affected
unambiguous scintillations. However, despite ttot flaat it
was solar minimum, high values of scintillation wer
recorded allowing deriving the statistical charastes of
scintillations.
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I1l. DATA ANALYSIS
3.1 Pre-processed files

The pre-processed files contain the values of the
scintillation indices of intensity (S4) and phasiha phi).
Figure 2 below is typical of what was measured. It
corresponds to data recorded in Vietnam and predéet
intensity (S4) and phase (sigma phi) standard tewvis of
scintillations depending on the month. It showshiat case,
that the maximum of scintillation activity occursirthg
equinoxes, on both sides of the equatorial anomaly.

Histogram of s4 vs month - HUE 2008

Figure 2: histogram of intensity and phase scattdhs recorded in
Vietnam. Horizontal axis: left, the value of S4tie multiplied by 0.1;
right the month number. Vertical axis: number (nalized) of events

This analysis has been made for all the receivers
deployed with the same kind of results for all bém.
However, although in all cases no scintillationsreve
recorded in summer, the peak of the activity was no
recorded in all places at equinoxes. This was tee dn
particular in Cayenne (French Guiana) where theimax
scintillation activity was in winter.

3.2 Raw data files

The scintillation spectra have been calculated fram
data files. To simplify the analysis, the raw d&tam all
receivers were translated in Rinex format. In order
analyze all the downloaded raw data, the Power t&gdec

Density (PSD) must be synthesized into a small rarnol
parameters. The PSD is usually characterized by its
strength at 1 Hz (T) and by its index of power ldecay
(p). On a log-log representation, these parametees
obtained by fitting a line to the data points usiegst
squares. The frequency range for this line fit begit 0.1
Hz, which is the cutoff frequency of the high-pditer.
This filter removes the low frequency parasiticctluations
due in particular to the satellite motion on itbiarin order
to prevent this fit from extending down into thessm
noise which biases p towards lower values, theidensd
frequency range ends at 1 Hz.

This processing is applied to every 1 minute sangble
the downloaded RINEX files considering the follogin
criterions:

 No missing measurements (3000 points in a 1
minute sample)

* S4>0.2to avoid multipath

e ophi < 2. to check the filter convergence

The following figure presents the histogram of the
index for the power PSD. This histogram is direcdiated
to the probability density distribution of p. Inathcase, the
distribution is centered on 2.8. Usually, p is édased to
be in the range between 1 and 4. In addition, 8.3 i
commonly chosen value for p at equatorial latitudese
observed distribution is compatible with this stagmt.
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Figure 3: Intensity spectrum slope

IV. MODELING — MEASUREMENTCOMPARISON

The measurements, selected according to our oriri
have been used for comparison with scintillationdels.
For each one of these selected data we have daldulze
corresponding values given by the models: GISM
developed under ESTEC contract and WBMOD [3].
WBMOD performs the calculation that we get sciatithbns
at a given level with a desired percentile. Thisiel
percentile is an input data that must be spechigthe user.
Depending on the value that the user puts on idnisd, the
S4 result may vary significantly. The results preed in
this paper have been obtained with a percentilaleql0.9.



GISM performs a calculation based on the propagatio
equations and gives a result with a confidencel.leMee
user has not to indicate a probability. That one iby-
product of the calculation.

GISM accepts the Yuma files as an input. It has in
addition an orbit generator. To perform the congmars
between the results of the two models, the orhiampeters
were given to WBMOD. The two models were
consequently executed with the same input data
corresponding to the valid measurements. This v d
for the 2 years 2006 and 2007.

Figure 4 shows a comparison of data measured in
Vietham and estimated using GISM and WBMOD models
in year 2006. The 0.2 noise threshold in the measents
was due to multipath.
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Figure 4: Comparison measurements - modeling inroHdepending on
the day of year and on local time.
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To analyse the latitudinal and longitudinal (or peral)
extent of the scintillations at the ionosphere lewe have
approximated the ionosphere by a thin shell at &B0of
altitude. The lonosphere Pierce Point (IPP) isrdefias the
intersection point of the satellite/earth link atids thin
shell. For each valid sample, the recorded azinarit
elevation angle are used to compute the IPP Ia&titard
longitude. The longitude is used to evaluate thwalldime
at the IPP.

With and elevation mask of 20°, the latitudinalemttof
the observed zone is about 14°. The temporal extesdt
to 24 H, centered around midnight, since scintila
occur during night time. The observation zone igd#id in
a grid of 20 latitude points and 70 temporal poirier
every station, all the IPPs observed during thesueanent
campaign are classed into the grid cells.

For each grid cell, the samples are counted andnten
value of the measured S4 aophi are computed. These 3
parameters are good indicators of scintillationvégt(only
unambiguous scintillations measurements are takem |
account). This kind of maps is the first step taigaa
cartography of the ionosphere irregularities.

The four stations located in Vietham and Indonesia
located practically at the same longitude. The
measurements recorded have been put on the saindt plo
shows the global pattern. The horizontal stripesveen -
25° and -10° and between 4° and 10° correspondéo t
multipath in Hanoi and Bandung. The modeling result
show a reasonable agreement.
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Figure 5: Comparisons model — measurements in &fetand Indonesia

GISM uses the Nequick model [4] as a backgroungkto
the mean value of the electronic density. The NelQUEC
maps reproduce quite well the equatorial anomalth wi
peaks on both sides of the magnetic equator. Hawtnee
scintillations maps do not reproduce the anomalp. T
conclude this, it is not obvious that a scintitbeti map
should reproduce the same trends than a TEC maghand
example shows the contrary. The same point has been
addressed by [5] with similar observations.

V. UNDER SAMPLING AND IGS DATA

The IGS data are largely accessible all over thedamut
are recorded at 1 Hz which appears to be quitel sz
sampling frequency for scintillations. The corrasping
errors were quantified in this study

The phase PSD can be approximated by. TAs a
consequence, the phase standard deviatiphi is
expressed as following, where fc is the cutoff frexgy :



ophi? =2TPSD(f)df =2TTf,pdf =2T[ f oo T T The part of the spectrum above 0.5 Hz is not sicanif.
fc fc fc

—p+l =(p—1)fcp’1 (it p>1) In other words, a sampling rate of 1 Hz seems to be
sufficient to evaluatesphi in that case. In order to check

Figure 6 presents the effect of an under sampbngie this statement, every available 1 minute sample doxen
typical example (satellite PRN 2, day 315, year ®@® sampled to 1 Hz. Thaphi computed over these 60 points
Cayenne (French Guiana)). The detrended 50 Hz e d samples are compared with theghi computed over the full
were sampled down to 1 Hz. As a consequence, the 3000 points samples. Figure 7 presents this cosgarit
explored frequency range drops from 25 Hz to 0.5 IHz is observed that the 1 Hwphi is a good estimation of the
this example, it appears that the effect of thezlséimpling 50 Hzophi.
is moderate.

detrended phase PSD The index chosen for the IGS data is the ROTI in@éx

! |MA It is a phase index deduced from the rate of charidbe
0 A geometry after removing the mean variation usingabtl
oo -, Z,J ik ! L2 frequencies. A day of severe scintillations ay€nne

has been selected for this comparison. The follgvygiot
shows the empirical ROTI scintillation index dexdvEom
the IGS 1 s data in Kourou. It compares quite wh the

1 mn S4 index recorded by the GSV receiver in Cagen
not reproduced here. This leaves the possibiliipgushe
IGS network to get some information on the sciatiitin
activity. However a more systematic analysis shdutd
made at higher solar activity to confirm these obetons.
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Figure 6: Undersampling at 1 Hz IGS : 1 sec at Kourou (ROTI Index per mn)
In order to investigate the effect of the smaliegtiency - : £12/ 2006
band, the integral used to computehi from the PSD is \' y !
decomposed as follows: /o
w 25Hz 05Hz 25Hz ] OV TN A
ophi? = 2T [ fPdf (2T [f Pdf :2T(j f P + jf‘pdf] 5 LYY A
01Hz 01Hz 01Hz 05Hz Y
Setting p to 2.8, as corresponding to the measuresmeve ) / /
get: ‘
05Hz 25Hz engitude
-28 = -28 = Figure 8: Scintillation index from IGS / Kourou ftme ' of Dec 2006
.[ f df =33 and .[ f df =19 (thge black lines are the projection of the GPSlig&t@ierce points at an
01Hz 05Hz altitude of 400 km)
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V1. C BAND SCINTILLATIONS
035 2. No C band scintillation measurements data were doun
available. Consequently the assessment of GISM mode
= 04 was only possible by checking the results obtaibgd
% comparison with theoretical results when available.
= 0,32
g The scintillations at C band correspond to weak
5 02 scintillations even in the case of high solar atés. The
GISM S4 peak values obtained are in the range 2f18.
01 that case of low fluctuations, analytical calcudas can be
performed and this has been used to cross checkeshés
0 obtained with GISM and consequently verify the acexy
! S of the model. The analytical calculations refetite Rytov
sigma phi 50 Hz {rac) technique. The corresponding developments concern i
Figure 7: sigma phi calculated from 1 Hz data s phi calculated particular the levels obtained, the probabilitiemj ahe

from 50 Hz data during 4 days at Cayenne correlation distances. It was shown in particuket in the

case of low fluctuations, the probability of the d.o



amplitude of the signal is Gaussian and that thieetation
distances are large.
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Figure 9: Intensity time series depending on thgqudency

L1 C band Ratio Corr.

(5 GHz) coeff

S4 0.65 0.19 3.42 0.2
Oo 0.43 0.13 3.3 0.29

Table 1: S4 an(ﬂ'q; comparison for L1 and C bands

Figure 9 presents a typical example for intensity a
phase scintillations. It shows the decrease widipeet to
the frequency.

Antenna aperture averaging

The scintillation S4 and sigmaPhi parameters aslyea
derived from the time/space series. Figure 10 pitesthe
S4 value as a function of the antenna size. A q@dei
trans-ionospheric link with significant scintillati activity
was considered. In order to check the behaviohefrésult
at different scintillation levels, the solar fluumber was
modified in the GISM inputs. Both amplitude and gba
scintillations are reduced by the antenna sizes @hcrease
is faster for the amplitude. However, in order keck the
result which was also derived analytically, theeamia size
is very large and unrealistic. This result is assguence of
the signal coherence length which is very largé band.

Aperture amplitude averaging for different solar fl ux numbers

0,5

—fix=193
——fix=150
fix=100

0 10 20 30 40 50

antenna size (m)

Figure 10: Intensity aperture averaging dependingthe solar activity
(flux number)

VII. CONCLUSION

The L band scintillation characteristics have been
obtained from a data set including measurementm fro
South America, Africa and Asia in years 2006 an®720
corresponding to years close to the solar minimtitme
expected behavior of scintillation occurrences hagn
found with some slight discrepancies between tfferént
locations. In particular the maximum of scintilti
occurrences occurs in winter in South America ahd a
equinoxes in Vietnam. No scintillations were reaatdat
high latitudes and very few with the receiver lechin the
Canary Islands. At this location, the IPP maps pced
show however a few points at very low latitudes
corresponding consequently to the crest of the tegah
anomaly.

The latitude vs IPP maps which have been plottkxval
obtaining a global view of the scintillation actiwi It is
quite easy to separate the different contributiomgitipath,
geostationary satellite contribution and scintilas. The
comparison between the measurements and the models,
although perfectible is not too bad and the anslg$ithe
maps is of great interest.

As regards GNSS, one of the main sources of data

unavailability that has been identified is the ptraenon

of ionosphere scintillation. Such effect may indlmgs of
lock, cycle slips or excessive phase noise on rangi
signals broadcast by Galileo satellites making thetally
useless for accurate integrity determination. Aldated in

the paper, the scintillations in C band will copesd to
weak scintillations. The consideration of C bandftgure
GNSS evolution can consequently be an effective teay
improve the robustness of Galileo against scitiilia
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