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Abstract

This paper presents an analysis of loss of lockaidities and positioning errors obtained at equdal regions due to
scintillations on GPS links. This analysis has beenducted with help of a numerical scintillatioroadel. Some
elements of comparisons with measurements are wer@oesented.

1. Introduction

Scintillations on signals transmitted through tbhedsphere may reach in some cases 30 dB peak tofpeshe
intensity and greatly affect consequently the seryrovided either for telecommunications or natgeapplications.

In this paper, we focus on navigation applicatiand GPS receivers. A numerical model has beentosestimate the
level of fluctuations for all PRNs seen from a fmater ground station located in equatorial regiohise analysis has
been conducted at post sunset hours, correspotalthg highest scintillations occurrence and far tlays: one with a
high value of the solar spot number (SSN) and #woisd with a low value of the SSN. This directlypauots on the

level of scintillations. The budget link and theensity (s4) and phase) fluctuations levels have been calculated for
each PRN.

The receiver characteristics are then consideraxbtain the PLL and DLL standard deviations at rnesrelevel. The
probability of loss of lock can be estimated frdme knowledge of this PLL standard deviation anthefbudget link.
They both are calculated by the model. This cailyebe extended to obtain the number of satellgigsultaneously
locked out.

The positioning error depends on the quality of th&tribution of the constellation which directlpfluences the
Dilution of precision (DOP). The DOP value incremséhen links are lost and especially when sevdrtiem are lost
simultaneously. This analysis is also presented.

2. Comparisons Model — Measurements

GISM, the model used in this study, is a mixed aliofogical / physical model [1]. It allows to calate mean errors
and scintillations due to propagation through theosphere. Mean errors are obtained by a ray tgeénising the
values of the ionosphere electronic density. Tass$ is obtained with NeQuick model [2] which islided in GISM.
The line of sight being determined, the fluctuasicare calculated in a second stage using a mulpipéese screen
technique.

The comparisons with GPS links measurements hage tene for two days [3], one with a high valueghaf SSN :
200 and the other with a low value : 85. All theNRRhave been considered. The cumulative probasildare presented
below for these two days. Measurements are indhaeGISM results are in green.
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Figure 1 : comparison between GISM results and oreagents. Left curve SSN = 200 ; right curve SSBb=

3. Scintillations at receiver level
3.1 GPS Receiver Architecture

A GPS receiver is a spread spectrum receiver, nieguseveral essential parts for acquisition, tiagkand extracting
useful information from the incoming satellite sadinit can be broadly divided into three sectiaie RF Front-end
(RFF), Digital Signal Processing (DSP) and the Nation Data Processing (NDP). The RFF and the D&Rosis
generally consist of various hardware modules, ea®rthe NDP section is implemented using softwaigure 2
shows a simple block diagram of a typical singégfrency GPS receiver with major interfaces andtinptput signals
of the essential blocks.

Antenna

RF IF Digital Signal Nav Dat o Navigation
Front End Processing DataProcessin
L Pseudo Ran! L Ephemeris Dal
Carrier Phase GPS Time
SNR User Position
User Velocity

Fig. 2 : Block diagram of a generic GPS receiver

The DSP performs the acquisition and tracking ef &PS signal. Traditional signal demodulation saslthose used
for FM or AM cannot be used for spread spectrumaligsuch as GPS because the signal level is liblwoise level.
Instead, the signal must be coherently integratet time so that the noise is averaged out, theraising the signal
above the noise floor.



Any GPS receiver locking up on a GPS satellitetbado a two-dimensional search for the signal. fittst dimension
is time. The GPS signal structure for each satetliitnsists of a 1023 bit long pseudo-random nur(®RN) sequence
sent at a rate of 1.023 megabits/sec, i.e. the ocepkats every millisecond. To acquire in this disien, the receiver
needs to set an internal clock to the correct drtbe1023 possible time slots by trying all poksibalues. Once the
correct delay is found, it is tracked with a Delapck Loop (DLL).

The second dimension is frequency. The receivet oarsect for inaccuracies in the apparent Dopfrkguency. Once

the carrier frequency is evaluated, it is trackett & Phase Lock Loop (PLL). Figure 3 shows aneartrly simplified
PLL/DLL architecture. A more precise descriptiortlod GPS signal processing can be found in [4].
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Fig. 3 : Simplified GPS Digital Receiver Channel

3.2 Phase Noise at Receiver Level

When the receiver is unable to track the carriersphthe signal is lost. Loss of lock is direciated with PLL cycle
slips. To evaluate the occurrence of cycle slips,ttacking error variance at the output of the RELto be considered.
Following [5], this variance is expressed as a sfithree terms :

% = Ogs + Ot +  Oosc 1)
where
Oys is the phase scintillation

Oo7 is the thermal noise

Oy osc IS the receiver oscillator noise (0.122 rad) [5]

The phase variance scintillation at the outpuhefPLL is given by [5] :

gbs = [ [1-HO S df @

where S, (f) is the PSD of phase scintillation. Figure 4 showshase scintillation spectrum obtained with GISM.
| 1-H(®) |2is the closed loop transfer function of the PLL aeghends on k, the loop order, and fn, the loopraht
frequency. Its expression is given by (3). Typwiaues are k = 3 and fn = 1.91 Hz.

f2k

|1'H(f)|2 = f2k + f2« ®3)



phase scintillation spectrum
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Fig. 4 : PSD of phase scintillation computed witlsi

When there is no scintillation, the standard thémmoése tracking error for the PLL is :

. _ B 1
Tér c/n) {“ 20 (c/no)} “)

where ¢/n0 is the signal to noise ratio (SNR), 8the receiver bandwidth, ands the predetection time. For airborne
GPS receiver, Bn = 10 Hz anfl=10 ms. Amplitude scintillation alters the SNR amgreases the thermal noise
tracking error. According to [5], in presence oinsitlation characterized by S4 index, thermal mofgsacking error is
given by :

1
Lo it aze) ) 5
o /) (1-5)

Equation (5) needs the evaluation of the SNR. TR& Gnk budget can be expressed in dB as following
C /NO =PO + Gt + Gr - Propagation losses - lizeriosses - NO (6)

where PO is the emitted power, Gt and Gr are rdisieéc the emitter and the receiver antenna gamg HO is the
receiver noise density. Therefore, the SNR appedrs depending on the elevation angle as shovigure 5.

Equations (5) and (2) can be used with (1) to camghe PLL tracking error variance. Figure 6 isoanparison of this
variance vs C/NO for S4 = 0.7 and S4 = 0.5. Loss$ook is highly probable for values above the 1Brfeshold.
Therefore a receiver is able to tolerate scintdlaif the C/NO is above a minimum value. This miom is 26 dB for
S4 =0.5and 32 dB for S4=0.7.
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scintillation for a GPS link

3.3 Loss of Lock Probability

Thermal noise appears to be the essential coriribt PLL tracking error. It is the unique S4 degent term in (1)
and the influence of S4 is obvious in fig. 6. Adstwof amplitude scintillations is detailed in [Shdileads to (5). We
will present here another approach of amplitudietilation effects on thermal noise.

intensity vs time / s4 = 0.9
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Figure 7 : Scintillation intensity vs time computedh GISM Figure 8 : fades duratienfade depth

Figure 7 shows a typical signal amplitude underese\scintillation conditions (S4 = 0.9). The copasding fade
duration always exceeds the pre integration dundtime. As a consequence it corresponds to a datioadof the SNR
at receiver level :

CIN = C/NO + Is(in dB) 7)

or, with the fractional form :
c/n=c/n0 *Is (8)

where Isis the scintillation intensity. Its mean value iarid it has a Nakagami distribution characterize&4.



Equation (4) is modified to take the fading intcaant :

, _ B 1
9o = cing) Is [1+ 2n(c/ny) Is } ®)

This relation expresses the thermal noise as adsiorg function of the scintillation intensity. Asresult, if Op1 is

above the 15° threshold then Is is below a valuamged using (9). As Is distribution is known fogizen S4, the
probability of occurrence of "Is < threshold" cam &valuated. The result is the probability of Lofsock. Figure 9
presents this probability versus S4 at given vahfethe SNR. It can be noticed that links with higNR are quite
robust. On the contrary, links with low values dffSare likely to be lost.

GISM has an integrated GPS satellite trajectoryeggor. It has been used use to simulate a whoje (24th

September 2001) over Naha (Japan, latitude = 26Qrgehic, 15° magnetic). All visible satellites weused to
compute an average probability of loss of lock. Tésult is 0.21 %. In other words, each satelligs\0.21% of the
time locked out during that day.
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Figure 9 : Probability of loss of lock vs s4 fovdlues of the SNR

3.4 Positioning Errors

In most cases, scintillations doesn't affect aliie satellites. If the number of satellites i 4 then a standard
receiver should be able to provide navigation imfation. However, the number of satellites and tpesitions affect
the positioning precision. The Dilution Of Precisi¢DOP) is usually used to quantify this precisidime DOP is
related to the geometrical distribution of the bisiconstellation. The scheme on figure 10 shows ttee DOP is
related to the satellites positions. The DOP islusederive the positioning errogy) from the User Equivalent Range
Error (UERE) :

o6, = DOP * UERE (10)
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Figure 10 : DOP and constellation



GISM was used to compute all scintillation paramgefer each GPS satellite visible from Naha (Jap&hg tracking
error was derived from these parameters and frgical/ receiver characteristics. Satellites witlckiag error above
the 15° threshold were ignored for the DOP evahmatFigure 11 presents the resulting DOP, compaigdthe DOP
of the unaffected constellation. In worst casee, BIOP during scintillation can be twice as highntheoder normal
conditions.
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Figure 11 : DOP at Naha under scintillation cormatisi Figure 12 : DLL trackingarks C/NO

computed with GISM

Even if the signal emitted from a GPS satellitétikist, it can alter the position precision. Orfale DLL functions is
the measurement of the delay between the codeeddyi the GPS signal and the receiver internalkcldbis delay is
an estimation of the time needed by the GPS signaéach the receiver. The receiver is then ablectopute the
distance of the satellite. Errors in this estimatiwe collected in the UERE. To take into accobatgcintillations, we
have to consider the DLL tracking errors. The Dldnde studied like the PLL to evaluate its tracléngr variance in
degrees. The UERE due to scintillations can theddoiiced with a product with the chip length (eqa&93 m for L1
[5]). The results are shown in Fig. 12. These tesséem to show high degradation of the UERE. Ktrbe combined
with Fig. 6 : satellites with high DLL tracking ens have also high PLL tracking errors and theestbey might be
considered as lost and don'’t contribute to the UERE

The combination of both effects is presented in ER) Satellites with PLL tracking errors above W&re considered
invisible for the DOP calculation. All other linkaith visible satellites were used to compute a meHERE
contribution due to scintillation.
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Figure 13 : Positioning error at Naha (Japan) usdantillation conditions, computed with GISM



3.5 Simultaneous Loss of Lock

Taking the 15° criteria for loss of lock threshottie links with such a phase standard deviatioellénave been
selected. This gives the number of satellites ganmelously locked out. The result is reported omrfiglda. Three
satellites may be lost simultaneously in a few sasdich correspond to the highest values of the D@® a
comparison, the measurements results are presemtefijure 14b [6]. Locked out links are in brow8trong
scintillations are in pink. Quite similar result®abtained. Three satellites are locked out semelbusly in some cases
and even 4 in extreme cases.
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Figure 14: number of satellites locked outidtaneously

4. Conclusion

As presented in the first section, the model deyadogives results in reasonable agreement with unements. The
way to include the relationship between scintilat and PLL and DLL errors at receiver level hasnbpresented
together with the probability of loss of lock cdltion.

Concerning the positioning error, two effects acbpposite way. Increasing s4 increases the Pldr amd as has been
mentioned, beyond a given threshold the link isuglited with two consequences : the number of ussdikdlites in the
constellation decreases. Consequently the DOP imglease. On the other hand if we average the Dad tlie
remaining links it will decrease and the produdtwthe DOP will not be necessarily greater. Howetwes difficult to
conclude due to the fact that this is highly degeidn the geometry. In general at equatorial regigve have more
than 7 satellites in view. Loosing one link is ceqgently of low consequence on the accuracy. Ibimes more
significant if we lose more than one link.

All the results presented here were computed feergireceiver characteristics. It should be notitet other GPS
receivers might be more or less vulnerable to #lation. In addition, the study can be extendedyoamic effects.

REFERENCES

[1] Y. Béniguel « Global lonospheric Propagatiorodél (GIM): A propagation model for Scintillationsf
Transmitted Signals », Radio Science, May-june 2002

[2] S. Radicella, R. Leitinger, « The evolutiontbé DGR approach to model electron density prdfildslvanced
Spaced Research, 27 (1), 35-40, 2001

[3] M.B. El Arini, R. Conker, Y. Béniguel, J-P Adg “Comparing measured s4 with the calculated s4hegy
WBMOD and GISM at Naha, Japan”, Private communicgtseptember 2003

[4] Ward, P. (1996), "Satellite Signal Acquisitiamd Tracking,' Understanding GPS Principles and Applications,
ed. E.D. Kaplan, Artech House, Boston, pp. 119-208.



[51] Conker, R. S., M. B. El-Arini, C. J. Hegarty, Hsiao, "Modeling the Effects of lonospheric Sitiation on
GPS/SBAS Availability" Radio Science, January/February 2003.
[6] K. Matsunaga “Observation of lonospheric Sitlations on GPS Signals in Japan”, ION symposi@f02



