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Abstract

The earth satellite links may in some cases betaificby signal scintillations due to the propagatirough ionosphere. In the
case of strong fluctuations these scintillatiorzsll&o losses of lock on one or several links arjbsitioning errors.

1. Introduction

The signal scintillations are related to some ggejalal parameters as the solar activity and thenmidg activity. They occur
after sunset and may last a few hours. They devedspntially around the magnetic equator ( - 2@0%magnetic latitude).
They are more important at the equinoxes and mahtido not exist during summer during summer.e8avmeasurements
campaigns have been carried out mainly in Southrisaend India. There is actually one such measein¢icampaign, in the
frame an ESA/ESTEC activity, with receivers in SoAmerica, Africa, Vietham and in Northern Europedata base is under
constitution. This will increase the knowledge ba torresponding scintillation space weather clitoaty.

In this paper we will review the scintillation chateristics, their probability of occurrence anditrextent. We will then
present an analysis of the scintillation impacaaeceiver with special interest for the losselodf and the positioning errors

2. Local time & seasonal dependency

Figure 1 below shows some results of measuremeotsded in N’'Djamena in may 2007. The values intéidaorrespond to
the highest values measured during the month. atedlites seen with an elevation angle lower th@hw8ere not considered.
The peak values correspond to medium to low skitibh levels. This is due to the low value of #udar activity which is the
minimum of the solar cycle.
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Figure 1: local time dependency in N'Djamena, Chad.



3. Spatial extent

The red crosses on the Brazil map presented orefigurrespond to the locations of six scintillatarceivers whose data has
been made accessible to us by E. de Paula (INP&,Paélo). Those data have been recorded in 200tespmnding
consequently to the year of solar maximum.
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Figure 2: scintillations spatial extent measurement

One interesting feature is the fact that two stegtiare very close. Their distance is 100 km. kdasequently possible to
calculate the correlation distance of the mediuigufe 2 presents one week of measurements of thealtés at the two
stations. The corresponding correlation coefficisrl.8. Assuming a Gaussian variation, this lgads correlation distance of
about 175 km.

4. Frequency of occurrence of 4

The frequency of occurrence of S4 is presentedigur& 3 for two measurements data sets: the firstfoom Sdo Jose dos
Campos (Brazil) in 2001 and the second one fromaoCameroon) in 2004 (medium values for the scjate). In both
cases, the S4 frequency of occurrence seems tbieaHiog normal distribution. The red line (Sdsdaos Campos) and the
dashed line (one link with a GEO satellite recorffedh Douala) have been plotted with a reduced datan the contrary to
the blue curve (GPS satellites in Douala).
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Figure 3: Frequency of occurrence of S4 in Sdo doseCampos (a) and Douala (b). Ten S4 interva¢sjoél width were
considered. Each sample is counted in one of tinésevals.



5 Analysisof signalswith scintillations

The scintillation signal has to have an equivafmwer spectral density (PSD). The PSD is giverhieyrélationship:
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It is determined by three parameters:

e The slope p,
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Figure 4: intensity and phase spectrum

To characterize the scintillation strength at theugd level, the S4 scintillation ratio is usedcdtrresponds to the intensity
standard variation. Due to normalization, S4 isMeein 0 and 1. A value lower than .2 will correspémdow fluctuations, a
value around .5 to medium fluctuations and a vgheater than .7 to high fluctuations.

The scintillations level is frequency dependent. &dirst approximation it increases with the ineersf the frequency.
However the relationship is not linear. Two exarspderresponding to medium scintillations are repoed below for the
phase and intensity. These plots have been prodycadnodel (GISM) but they are representativéhefrneasurements.

sigma phi(L5) = 0.43 ; sigma phi(L1) = 0.32
correlation coefficient = 0.48
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Figure 5: phase fluctuations (medium scintillations
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Figure 6: intensity and phase fluctuations (strecigtillations)



The simulations presented figures 5 and 6 have bbained using the same seed for the random denefldae medium is
consequently the same for the two frequencies.

The following plots present the correlation coeéfit between the two frequencies and the dependehdye correlation
coefficient on the frequency.
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Figure 7: frequency correlation coefficient

The phase correlation coefficient drops signifibamtith the scintillations level. This is due togde jumps which appear as
the scintillation ratio increases. The frequencyr@ation exhibits a linear relationship for mediggintillations. Both values
peak to 1 in the case of strong scintillations.

6. Loss of lock

This section present some results for the losdf from the measurements results recorded in Roudie scintillation
receiver which was used (GSV4004) provides the touok. This value indicates how long the receivas heen locked to the
carrier phase of the GPS signal. This also ind&ctte time of the last loss of lock and it can beduto detect this failure.
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Figure 8: S4 before loss of lock of L1 carrier & GPS satellites over 30° (a) and for the GEO Hoy each day, there may
have several losses of lock. Only nighttime (19-Z4 losses of lock were considered. The differeot&4 levels for GPS and
GEO satellite is probably related to the signaklewhich is significantly lower for the GEO.

The GEO link uses a GPS like signal with an L1ieariThat is the reason why we have only considénedoss of lock of L1.
Figure 8 presents the value of S4 before the lbksck. It is consequently possible to estimate gphabability of having a loss
of lock and a given value of S4. In addition, theqguency of occurrence of S4 may also be evalufted the samples.
Therefore we can calculate the probability of loSkck vs. the value of S4. This result is presdrin Figure 9.
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Figure 9: Probability of loss of lock, given thelwa of S4 in Sdo Jose dos Campos (a) and Doual&@b)the GEO, for S4
greater than 0.6, there are not enough loss of éeckirrences to get correct statistics. This erpléle discontinuity in the
curve.
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Figure 10: Probability of Loss of Lock for a typicaceiver obtained with GISM scintillation model

As a comparison, the Figure 10 presents the valb&sned with GISM for a typical receiver. The beibar depending on the
S4 level is the same. The differences of levelsralaed to different values of the receiver par@nseand to the fact that
curves presented on figure 9 have plotted indepehdef the value of C/N and correspond conseqyeotlan average value
of this ratio. The GISM model allows setting anyweato these parameters.

In the GISM model, loss of lock is evaluated thriotige standard thermal noise tracking error forRhe:

— B 1
g2 = —=2n_ 1+

T (clny) Is [ 2n(c/ny) Is }
where Bn is the receiver bandwidth, anpi the predetection time. For airborne GPS receBrr= 10 Hz and) =10 ms. Is is
the scintillation intensity. Its mean value is dahhas a Nakagami distribution characterized #y S

This relation expresses the thermal noise as @dsitig function of the scintillation intensity. Asesult, if Oy is above the

15° threshold then Is is below a value computedguhis relation. As Is distribution is known foigaven S4, the probability
of occurrence of "Is < threshold" can be evaluafBok result is the probability of Loss of Lock. &ig 9 presents this
probability versus S4 at given values of the C/N@an be noticed that links with high C/NO aretquiobust. On the contrary,
links with low values of C/NO are likely to be lost

There are more losses of lock on the GEO link thathe GPS links (Figure 8). For the SBAS sigra, Ibss of lock appears
at a lower value of S4. This may be due to the tosignal power provided by the GEO satellite. Theeiver also provides
the C/NO value of the link. As can be seen on Fdllr, the C/NO value is 10dB lower for the GEO Ifitedink.
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Figure 11: mean C/NO for each satellite PRN numBBN 131 corresponds to the GEO satellite. The &Rélites taken into
account are all seen with an elevation angle grélaée 30°. The elevation angle for the GEO sagelti 28°.

7. Positioning error

The receiver used for this study is unable to réd¢be position. To analyze the effect of scintilaton the positioning error,
we have to simulate the receiver behavior affedtgdscintillation characterized by S4. According[8), in presence of
scintillation, the tracking variance for a DLL @/A code chips squared) may be expressed as:

Bnd

_ 1
%= 2cing) (1) {“n(c/no)(l-zss) }

Where Bn is the one-sided noise bandwidth (typiedie is 0.1 Hz) and d is the correlator spacin@/A code chips (typical
value is 1 to 0.1)n is the predetection time. The chip length is at&9& m.

To evaluate the positioning error, the followingps were performed for each tracked satellite:

e S4is measured.

e o, is deduced from S4.

e assuming a gaussian distribution characterizes by range error is computed.

e aYuma file is used to evaluate the satellite parsitn order to fill the navigation equations.

The navigation equations are solved with theseaamnprs to compute a positioning error.

Figure 12 presents the results of this simulatiorihat example, the scintillation effects aremgngficant. The mean value of
S4 shows that the scintillation activity was we#k. a result, the number of tracked satellites wasays high enough to

mitigate the range error.
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Figure 12: The first curve represents the meanevafuS4 (all visible GPS satellites), it shows fomtillation activity. The
second presents the number of tracked satellites1ast one corresponds to the evaluated positiceriror.

7 Conclusion

A review of the scintillations characteristics aofctheir related climatology has been given. Thame two consequences for
the positioning errors. In case of strong scirtiitlas, losses of lock may occur. This modifies emgently the DOP value. In
addition the phase and intensity fluctuations ergutsitioning errors for each one of the remaidinks. The two effects are
combined and degrade the accuracy of the navigaystem. An approach based partly on measuremedtgartly on
modelling has been carried out leading to errois fefiv meters.
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